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Abstract 
Mount Evans is located in the Anaconda-Pintler mountain range of southwest Montana 
approximately 22 km southwest of Anaconda, Montana.  Mount Evans appears reddish orange 
on Google Earth amongst the rest of the mountain range which is a grey white color, indicating 
the presence of limonite staining and probable sulfide mineralization.  In addition, two streams 
draining opposite sides of the mountain, and either side of the continental divide have 
conspicuous white coatings on boulders that are clearly visible with Google Earth.  During a 
mineral resource assessment in the 1980s, the USGS suggested that the Mount Evans area could 
be the top of a porphyry Cu-Mo system.  However, this is not an area with historic mining and 
no evidence has been found to indicate exploration for economic deposits was ever done.  The 
purpose of the present study is to characterize the chemistry of the two streams draining Mount 
Evans: 1) East Fork Twin Lakes Creek (EFTLC), on the north; and 2) Sullivan Creek, on the 
south.   
 
The hydro-geochemical trends in EFTLC and Sullivan Creek are similar.  The stream pH values 
range from about 4.0 in their headwaters to near-neutral in their lower reaches, and locally 
exceed Montana water quality standards (chronic aquatic life) for cadmium, copper, zinc, and 
nickel.  Orange-red hydrous Fe-oxides coat the streambed at pH < 4.5 whereas white, hydrous 
Al-oxide is abundant at pH > 5.  Based on bulk digestion, portable XRF analysis, and 
geochemical modeling, the white precipitate is most likely a mixture of hydro-basaluminite, 
Al4(SO4)(OH)10·5(H20) and amorphous Al(OH)3.  The secondary precipitates are rich in other 
trace elements, such as As, Co, Cu, Mn, Ni, Pb, and Zn.  A cold spring with heavy, white Al 
coatings near the headwaters of EFTLC is thought to be emanating from the toe of a rock glacier.  
This flow has higher SC and trace metal concentrations than the rest of the field area, and also 
has abnormally high concentrations of the rare earth elements.   A pre-modern ferricrete deposit 
near the headwaters of Sullivan Creek has similar trace element chemistry to the precipitates 
forming today in the nearby stream.  This suggests that the hydro-geochemical conditions in 
Sullivan Creek have been similar for a long time, possibly since the end of the Pleistocene.  
Overall, the Mount Evans area is an excellent example of natural acid rock drainage in a pristine, 
mountainous setting.   
 
 
 
Keywords: geochemistry, natural acid rock drainage, Montana, basaluminite, rare earth 
elements (REE) 
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1. Introduction 
Acid rock drainage (ARD) occurs as a result of the oxidation of sulfide minerals, in 
particular pyrite (FeS2) and pyrrhotite (FeS).  In the oxidation process, protons (H+) and sulfate 
ions (SO42-) are released, which causes acidification of the water.  Acidic water can dissolve 
trace metals and metalloids (e.g. As, Cd, Cu, Pb, Zn) which are toxic to the environment.  ARD 
is the most serious environmental problem facing the modern mining industry, and billions of 
dollars each year are spent to mitigate this global problem.  Although there is extensive literature 
on the geochemistry of acid rock drainage, most previous field studies have focused on ARD at 
active or abandoned mine sites.  Far fewer studies have examined naturally occurring ARD in 
watersheds that contain sulfide minerals that have never been mined. 
The focus of this paper is to describe the geochemistry of naturally occurring acid rock 
drainage in two high elevation watersheds in the Anaconda-Pintler mountain range of southwest 
Montana.  Documenting the geochemistry of these naturally acidic creeks will help agencies, 
such as the USDA Forest Service or BLM, understand what the chemistry of polluted watersheds 
elsewhere may have been like prior to mining disturbances.  In turn, this knowledge can help in 
the design of reasonable solutions for post mining and abandoned mine reclamation within 
regulations. 
1.1. Overview of Acid Rock Drainage Chemistry 
Equation 1 expresses chemical reaction for the oxidation of pyrite (FeS2), showing the 
production of H+ ions, which causes lower pH values: 
FeS2 + 15/4 O2 + 7/2 H2O → Fe(OH)3(s) + 2 SO42- + 4 H+    (1) 
A similar reaction (Equation 2) can be written for pyrrhotite (FeS), the other common Fe-sulfide: 
FeS + 9/4 O2 + 5/2 H2O → Fe(OH)3(s) + SO42- + 2 H+    (2) 
2 
In both reactions, two moles of acid are formed for each mole of sulfur in the starting mineral.  
The acid that is released can dissolve minerals and mobilize metals, e.g., As, Al, Cu, Cd, Co, Fe, 
Mn, Ni, Pb, Zn, etc… into the watershed.  Because Al and Fe are both rock-forming elements, 
their concentrations can be particularly high in acidic waters.  However, if the pH of the stream 
rises, then many of the above elements become less soluble, and will either precipitate as 
secondary minerals on the streambed, or will adsorb to the surfaces of other minerals.  In 
addition, dissolved Fe2+ in anoxic groundwater draining mineralized bedrock will rapidly oxidize 
upon exposure to air and then precipitate as hydrous ferric oxide (HFO, Fe(OH)3), a reaction that 
generates more protons (Plumlee et al., 1999; Bigham and Nordstrom, 2000).  Generalized forms 
of these reactions can be written as follows:  
  Fe2+ + 1/4 O2 + 5/2 H2O → Fe(OH)3(s) + 2H+    (3) 
  Al3+ + 3H2O → Al(OH)3(s) + 3H+      (4) 
 In the presence of other ions, additional solid phases can form, such as schwertmannite 
and basaluminite (hydrous Fe and Al sulfates, respectively) or jarosite and alunite (hydrous K-Fe 
and K-Al sulfates, respectively) (Bigham and Nordstrom, 2000).  In general, the Fe-rich solid 
phases are yellow-red in color, whereas the Al-rich solids are white.  Both the Fe-rich and Al-
rich solids have a high capacity to adsorb trace amounts of other elements out of solution.  The 
extent to which a particular solute adsorbs onto a particular solid phase or coprecipitates is a 
complex function of pH, temperature, and the concentration of competing ions in solution.  This 
makes geochemical modeling of ARD waters too complicated a task to do without a computer.  
Three popular computer programs that are currently used to model these reactions include Visual 
Minteq, Phreeqc, and the Geochemists Workbench (GWB). Of these, Visual Minteq has the 
3 
largest and most up to date thermodynamic database, and is the program that was used in this 
paper.   
1.2. Previous Studies of Natural Acid Rock Drainage 
The oxidation of sulfides, such as pyrite, pyrrhotite, and chalcopyrite, causes acid rock 
drainage (Bigham and Nordstrom, 2000).  Although it is probably not a rare occurrence, there 
have been relatively few investigations of naturally occurring acid rock drainage (ARD).  The 
study of naturally occurring acid rock drainage systems can advance knowledge on how to treat 
and prevent acid mine drainage (Kwong, 1993).  The lithology and hydrogeologic setting of 
these naturally occurring waters plays an important role on the geochemical profile of a stream.  
Geochemical models which include local and regional lithologies, alteration assemblages, and 
mineralization characteristics can be interpreted to identify certain types of mineral deposits.  
The model can also help to identify specific elements that can cause acid rock drainage by 
oxidation and weathering (Seal and Hammarstrom, 2003). 
Colorado has been widely studied for the acid rock drainage found after mining certain 
areas, however there have been some cases in which the acid rock drainage has been determined 
not to have been enhanced by mining or other human activities.  Cinnamon Gulch was 
inventoried by the USGS and though much of the watershed had mining-affected acid rock 
drainage, in the upper reaches of the watershed, the acid rock drainage was hypothesized as 
natural (Bird, 2003).  The geologic setting is hydrothermal alteration of Precambrian marine 
sediments.  The determination was made through sampling and analysis of water at several sites 
and rock digestions from hand samples taken at certain sites.  Water samples showed elevated 
concentrations of calcium, sulfate, and bicarbonate along with zinc, copper, and aluminum 
metals.  These metals exceed the State of Colorado’s aquatic life standards for chronic exposure.  
4 
Lower dilution at the confluence of streams indicated that much of the acid rock drainage was 
traveling in the groundwater.  Yellow-orange precipitates were found and analyzed along some 
reaches of the stream and were determined to be iron and aluminum phase minerals (Bird, 2003). 
An article in USGS Circular 1328 (Bove et al., 2008) holds some interesting discussion 
on weathering of highly hydrothermally altered rocks with fine grained pyrite producing acidic 
waters.  Weathering of pyrite-rich hydrothermally altered rocks can produce acidic waters rich in 
metals.  Unaltered areas in Colorado and New Mexico were studied to document the 
mineralogical changes of the hydrothermally altered rocks.  X-ray diffraction was used to 
document the decrease in the amount of chlorite, illite, pyrite +/- plagioclase as weathering 
progresses.  The decrease in these minerals causes increases in kaolinite, smectite and jarosite.  
Data indicates that waters related to pyritic weathering often result in aluminum rich kaolinite 
precipitates. 
 Other sites in Colorado and New Mexico were discussed in a paper by Philip Verplanck 
and others (2009).  Studies of these sites indicated that naturally occurring acid rock drainage 
occurs from weathering of pyritic rocks exposed to oxidation.  The geology is composed of 
mostly porphyry mineralization sites with Precambrian gneiss to Cretaceous sedimentary units 
and Tertiary volcanic complexes as the host rocks.  These sites have high levels of metals 
dissolved in the water and can change drastically in heavy runoff.  The waters studied do not 
have the extreme levels of metals, iron or acidity of acid mine drainage, although concentrations 
can overlap.  The study concluded that the porphyry assemblage that had the highest acidic 
drainage was quartz-sericite-pyrite altered rocks due to lack of calcite, chlorite and epidote in the 
propylitic zone which neutralize acid (Verplanck et al., 2009). 
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Drenchwater, Alaska, located in the Brooks mountain range, is another example of 
naturally occurring acid rock drainage, this time in a colder climate.  This deposit has high pyrite 
content, and little to no carbonate buffering deposits (Graham and Kelley, 2009).  These host 
rocks are fine grained sedimentary rocks with extensive alteration and high metal content 
creating an ore deposit.  The results of water sampling in the area indicate high sulfate as the 
anionic constituent and calcium as the dominant cation.  Metal concentrations are diluted as they 
travel downstream.  Orange and brown precipitates were visible in this stream, indicating an 
abundance of iron causing formation of ferricretes with elevated goethite, jarosite, and 
schwertmannite.  These waters also exceed the State of Alaska water quality for aquatic life 
chronic exposure (Graham and Kelley, 2009).   
 Another instance of naturally occurring acid rock drainage occurs in the Judith Mountains 
of central Montana.  Williams et al. (2015) discussed the geochemistry of two streams in the 
area.  The naturally occurring ARD was causing the water to exceed state standards for copper 
and zinc.  In another Master’s thesis, Sara Edinberg (2016) investigated natural acid rock 
drainage in a third stream in the Judith Mountains, with a focus on the numerous ferricrete 
deposits found in the area.  The geology includes an altered porphyry deposit surrounded by 
marine sediments.  This area has pH values from 3.03 to 7.80 and clearly shows the difference 
between iron depositing at pH values around 3 and aluminum depositing at pH values around 5. 
 
1.3. Description of Field Area 
Mount Evans is in the Anaconda-Pintler mountain range of southwest Montana 
approximately 22 km southwest of Anaconda, Montana.  At 3,243 meters (10,461 feet) Mount 
Evans straddles the Continental Divide and is the second highest peak in the Anaconda-Pintler 
6 
Mountains.  Mount Evans sits just to the northeast of the Anaconda-Pintler wilderness area 
established in 1964 in the Beaverhead-Deerlodge National Forest. 
Using Google Earth, the summit of Mount Evans shows up as an orange-red color 
anomaly (Figure 1) and the two streams, East Fork Twin Lakes Creek and Sullivan Creek, 
draining either side of Mount Evans have abundant white coatings on their streambeds (Figure 
2).  The distinctive color of Mount Evans is due to a large area of limonite staining (Elliott et al., 
1985) which is indicative of active weathering of sulfide minerals.  Based on recent work by 
Montana Tech on the occurrence of natural ARD in the Judith Mountains of central Montana 
(Williams et al., 2015), it was hypothesized that the white coatings on the streams draining either 
side of Mount Evans were some sort of aluminum compound and that the headwater streams 
were most likely acidic.  Furthermore, the complete absence of any abandoned mines or roads in 
the area indicated that the acidic drainage must be naturally occurring (non-anthropogenic).  
These observations formed the initial impetus for the present study. 
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Figure 1: A Google Earth view of Mount Evans and surrounding areas showing the extent of the limonite staining 
(yellow dashed lines).  Red stars show approximate location of the images in Figure 2. 
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Figure 2: Google Earth images of the two streams draining either side of Mount Evans. A) East Fork Twin Lakes 
Creek flows to the north into Warm Springs Creek and out to the Pacific Ocean; B) Sullivan Creek flows to the 
south to the Big Hole River and to the Atlantic Ocean via the Missouri River. 
 
1.4. Geography and Climate 
The East Fork of Twin Lakes Creek (EFTLC) drains the north side of Mount Evans 
(Figures 1, 2A, 3A, 4).  This study focused on a portion of the watershed, roughly 7.5 km2 in 
area, which lies upstream of an unnamed, non-acidic tributary that enters from the east at an 
elevation of 7,880 feet.  The combined flow of the East and West forks of Twin Lakes Creek 
eventually joins Warm Springs Creek, and the upper Clark Fork River, a major tributary of the 
Columbia River.  Sullivan Creek drains the south side of Mount Evans and neighboring Mount 
Howe into Deep Creek, and then to the Big Hole River, a tributary of the upper Missouri River.  
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The watershed of interest, roughly 10 km2 in area, lies upstream of a stream crossing at an 
elevation of 7,530 feet (Figures 1, 2B, 3B, 5). 
 
 
 
 
Figure 3: Maps of Twin Lakes Creek (A) and Sullivan Creek (B) with labeled sample points and the watershed 
boundaries estimated by dotted lines. 
10 
 
Figure 4: The upper portion of East Fork Twin Lakes Creek, with labeled 
sampling stations. 
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The elevation of sampling sites throughout the study area ranges from 6,500 feet to 8,200 
feet, with climate zones ranging from upland to subalpine.  The Natural Resources and 
Conservation Service (NRCS) Snotel station 313, located at Barker Lakes (elev. 8,250 ft.) 
recorded average annual temperature of 38 oF for the 2014-2015 water year.  Snowfall starts 
accumulating in late October and usually melts off by late May, although a group of warm days 
can accelerate melting.  Peak streamflows occur in May and June during snowmelt.  During the 
2013-2014 water year, 34.2 inches of precipitation fell at Barker Lakes, most of it as snow, and 
the maximum mid-winter snow depth was 72 inches.  Precipitation in the 2014-2015 water year 
was somewhat lower, with 27.7 inches total and a maximum snow depth of 45 inches. 
Figure 5:  The upper part of Sullivan Creek, with sampling sites shown.  The region shaded in brown 
shows the presence of widespread alluvial and off-stream ferricrete deposits. 
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1.5. Geology 
The geology of Mount Evans has been mapped (Elliott et al., 1985; Lonn et al., 2009) as 
mid-Proterozoic Greyson Fm. (siltite/argillite) of the Belt Supergroup intruded by Cretaceous 
and possibly younger granitic rocks, dikes, and sills (Figure 6).  The Belt sediments have been 
metamorphosed to amphibolite grade at greater than 700oC, making formation identification 
difficult.  Kalakay et al. (2014) mapped the Belt units in the vicinity of Mount Evans as “pelitic 
paragneiss” and did away with formation identification.  According to Kalakay et al. (2014), 
peak metamorphism coincided with the intrusion of late Cretaceous plutons around 75 million 
years ago, including the Storm Lake granodiorite (Kgd, Figure 7) and the Storm Lake quartz 
diorite (Kgd and Kqdf in Figure 7).  A younger mass of Tertiary biotite-muscovite granite 
(Tmbg, Figure 7) underlies the southern flank of the Anaconda-Pintler range.  A swarm of 
porphyritic dikes and sills cuts all of the above units in the vicinity of Mount Evans (red stripes 
in Figure 7).  An east-west trending band of intense ductile deformation crosses the EFTLC 
watershed, termed the “Lake of the Isle shear zone” by Lonn et al. (2009). 
At the time of this writing, the origin of the limonite color anomaly on the summit of 
Mount Evans is still uncertain.  Based on an assessment of the mineral resource potential of the 
proposed Anaconda-Pintler wilderness area, Elliott et al. (1985) considered the Mount Evans 
area as having “moderate potential” for porphyry-style Cu-Mo mineralization.  This was based 
on the size and extent of the limonite alteration zone, the occurrence of porphyry dikes and sills, 
and a single hand sample of a quartz vein with molybdenite.  In a related M.S. thesis, Felling 
(1985) noted the presence of disseminated sulfides (pyrite, pyrrhotite, and chalcopyrite) within 
the metasediments of Mount Evans, and suggested that this mineralization could have been syn-
sedimentary in origin.  More recent work by Montana Tech graduate student Kyle Eastman (pers. 
13 
comm., 2016) has confirmed the presence of disseminated pyrrhotite within the metasediments, 
with minor chalcopyrite, sphalerite, and trace silver minerals.  Due to intense chemical 
weathering, most of the sulfides on Mount Evans have been oxidized to limonite: those that 
remain are mainly found in quartz-rich units that are more resistant to oxidation.  Although 
Elliott et al. (1985) stated that a mining company was conducting exploration in the Mount 
Evans area at the time of the USGS study and claims were made on the site, no mine roads or 
drilling platforms are evident on Google Earth, nor in the field visits to the area. 
 
 
 
 
 
The Twin Lakes Creek and Sullivan Creek drainages were heavily glaciated in the 
Pleistocene, and both contain steep-sided cirque basins in their headwaters.  Much of the valleys 
in which the streams flow is underlain by glacial till (Qgtk), although bedrock exposures are 
Figure 6:  Geologic map of the study area (Lonn et al., 2009), with the area of Mt. Evans circled in blue. 
See text for description of the various map units. 
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common in the upper, acidic reaches.  Upper Sullivan Creek has several small, relatively shallow 
lakes, whereas the headwaters of EFTLC contains Lake of the Isle, a sizeable and deep lake 
popular with backpackers.  A previously unrecognized rock glacier in the upper EFTLC drainage 
(Figure 4) may play a role in the stream geochemistry, as discussed later in this paper.  
1.6. Project Objectives 
 The goal of this project was to describe the geochemistry of the East Fork of Twin Lakes 
Creek and Sullivan Creek, with a focus on the upper portions of both watersheds which are 
naturally acidic.  Specific tasks outlined at the beginning of the project included the following: 
 1) Collect a set of synoptic water quality samples from both creeks in conditions of 
higher flow (July) and lower flow (August-Sept-October).  These samples will be analyzed for a 
full set of chemical species, including common cations and anions, as well as trace elements.  
Both filtered (dissolved) and unfiltered (total) water samples will be collected to look at how 
metals partition into suspended sediment.  Stream flows will be measured so that loads 
(concentration multiplied by discharge) of certain elements of interest can be obtained and 
interpreted. 
 2) Analyze the chemistry of secondary mineral precipitates on the streambeds of both 
creeks by digestion of precipitates and pXRF scanning of in-stream precipitates. 
 3)  Collect preliminary data on the stable isotopic composition of water and dissolved 
sulfate from both creeks. 
 4)  Perform geochemical modeling to see what minerals in each drainage the waters are 
most likely to be near equilibrium.   
 5) The chemistry of the streams draining Mount Evans will be compared to regulatory 
standards for aquatic life as set forth by the Montana Department of Environmental Quality 
15 
(MDEQ).  It was hypothesized that the headwater reaches of both streams may have 
concentrations of trace metals that are potentially harmful to fish and other organisms.  This type 
of analysis may be useful to other groups who are trying to estimate baseline water quality 
conditions in watersheds that have been polluted by mining.   
2. Methods 
2.1. Field methods 
All field samples were taken during the summer and fall months of 2014 and 2015 (Table 
1).  Samples were only taken during the months of July through October due to access blocked 
by snow from November to April and extremely high streamflows in May-June from snowmelt.  
 
Table 1: Field Visit Summaries 
Date of field visit Subdrainage Raw data located 
Appendix A 
Samples collected 
August 30, 2014 EFTLC Table A1 Hydrolab, FA, RA, FU, flows 
October 4, 2014 Sullivan Creek Table A1 Hydrolab, FA, RA, FU, ferricrete, flows, pXRF 
July 5, 2015 EFTLC Table A2 Hydrolab, FA, RA, FU, flows, water isotopes, 
pXRF, solid precipitates, sulfate isotopes 
August 2, 2015 Sullivan Creek Table A2 Hydrolab, FA, RA, FU, flows, water isotopes, 
sulfate isotopes 
July 9, 2015 EFTLC extending 
downstream of 
Lake of the Isle 
trib 
Table A3, Figure 
A1 
Hydrolab, FA, flows, water isotopes 
August 8, 2015 Red fork EFTLC Figure A2 Hydrolab, FA, RA, pXRF, water isotopes 
 
In Table 1, “Hydrolab” refers to the field parameters pH, water temperature, specific 
conductivity, ORP/Eh, and dissolved oxygen concentration; “FA, RA, and FU” refer to different 
types of stream-water samples (explained below); “flows” refers to the measurement of 
streamflow; “pXRF” refers to elemental analysis of mineral crusts on the surfaces of boulders 
with a portable X-ray fluorescence meter; “water isotopes” refers to collection of water samples 
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for δ18O and δD isotopic analysis; and “sulfate isotopes” refers to collection of water samples for 
analysis of δ18O and δ34S of dissolved sulfate.   
2.1.1. Water Sampling 
The first thing that was done prior to going out to the field was calibration of the 
Hydrolab MS-5 datasonde for pH, Eh, dissolved oxygen (DO), and specific conductivity (SC).  
Calibration of the pH was set with buffers of pH 4 and 7; the Eh was calibrated with ZoBell’s 
solution so that the meter reported true Eh (relative to the standard hydrogen electrode) directly; 
the DO was calibrated by using a water near 100% saturation with air at the local barometric 
pressure; and the SC was calibrated with a dilute KCl solution with 718 µS/cm.  For most 
samples with a pH > 4.5, an alkalinity titration was performed in the field.  This was 
accomplished using a 100 mL volumetric flask (to accurately weigh the sample mass), a 250 mL 
Erlenmeyer flask (to hold the water during the titration), a digital titrator loaded with 0.16N 
H2SO4 solution, and bromecresol green/methyl red pH indicator powder packets.    
Water samples collected included filtered acidified (FA), filtered unacidified (FU), and 
raw acidified (RA) subtypes.  All water samples were collected in 60 mL Nalgene (high density 
polyethylene) bottles.  The FA and RA samples were collected into bottles that had been 
previously filled for at least 24 hours with 5% HNO3 and then rinsed thoroughly with deionized 
water.  Filtration was accomplished using a 60 mL plastic syringe and disposable, 0.2 µm 
polyethersulfone (PES) syringe filters.  For RA samples, the bottle was simply filled with stream 
water.  All bottles and syringes were rinsed 3 times with sample water before filling.  All 
samples were labeled with the date, the site number, and type of water sample.  Acidification of 
FA and RA samples was done back in the lab by adding 0.6 mL of Trace Metal Grade, 
concentrated HNO3.   
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During certain visits at all locations, water-isotope samples were taken.  The stream water 
was filtered (as above) into a 5 mL glass vial with a conical plastic lid.  The isotope bottles were 
filled with no head space and stored in the laboratory at room temperature until later analysis.  
Additional filtered water samples were collected into 250 mL bottles for isotopic analysis of 
dissolved sulfate.    
2.1.2. Stream flows 
Stream flows were taken using one of two different methods.  For sites where discharge 
exceeded 2 or 3 cubic feet per second (cfs), a Marsh-McBirney flow meter was used.  First a 
cross section of the stream was laid out with a measuring tape perpendicular to the stream at a 
place where the channel was fairly uniform.  Using a top-setting wading rod, the sensing bulb 
was set to measure stream velocity (20-second integrations) at a height in the water column 
corresponding to 40% of the total depth.  Velocity was measured for at least 15 locations across 
the channel.    
The second method, used for streams with flow less than 1 or 2 cfs, was based on 
measuring the conductivity of the stream after addition of a slug of salt solution (Day, 1976; 
Winter, 2014).  A predetermined mass of 25% NaCl salt solution was added to the stream at a 
location where the current was turbulent and well-mixed.  Then, the conductivity of the stream 
was measured at a downstream point, usually 50 to 100 feet below the injection point, using a 
WTW SC meter.  Measurements were taken every 10 or 15 seconds and were continued until the 
SC of the stream recovered to background levels.  The streamflow was calculated using a 
spreadsheet from the known mass of NaCl added to the stream, the time-integrated increase in 
SC of the stream, and the relationship between SC and mg/L of NaCl established in the 
laboratory for the same SC electrode used in the field.  Using this method, the estimated 
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uncertainty in each flow measurement is less than 5%, provided streamflow is < 2 cfs and 
sufficient NaCl is added to get a good signal-to-noise ratio (Winter, 2014; Day, 1976).  When the 
salt-dilution method was used for flow measurement, sampling was always conducted in an 
upstream direction to avoid sampling water with falsely high NaCl concentration.    
2.1.3. Ferricrete and in stream precipitate samples 
During several visits, samples of in-stream precipitates (ISPs) and ferricrete were 
collected for later analysis in the lab.  In some cases, the ISPs were collected using a knife to 
scrape off mineral crusts from boulders in the streambed.  In other cases, ISPs were collected by 
putting several small rocks plus stream water into a zip-lock plastic bag and shaking the bag to 
suspend the precipitates; the rocks were then removed and the water decanted to leave the ISP 
sample behind.  Some of the aluminum precipitates were loose and were picked up with fingers.  
In still other cases, boulders with thick ISP coatings, as well as selected ferricrete samples from 
float or outcrop, were brought back to the laboratory.  
A Niton XL3t gold portable X-ray fluorescence spectrometer (pXRF) was used to 
measure the concentration of metals in mineral crusts coating the streambed in upper Sullivan 
Creek and upper EFTLC (Figure 7).  Rock surfaces for analysis were air-dried prior to scanning 
with the pXRF.  The spectrometer was operated in “Test-All Geo” mode for a full suite of 
“main”, “heavy”, and “light” elements, using a 60 or 90 second scan time.  In most cases three 
different rocks were analyzed at each sampling location, allowing for an average and standard 
deviation to be computed.   
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           Figure 7: The pXRF gun with a rock identifying samples that were taken and averaged. 
2.2. Laboratory Methods 
Although metal concentrations of ISPs and ferricretes were determined in the field using 
the pXRF, additional samples were collected for bulk digestion and ICP-MS analysis in the lab.  
First the precipitates were scraped from the dried rocks (or dried in the oven at 50˚C in the case 
of ISP samples collected in the field) and then ground to fine powder with a pestle and mortar.  
Then, 50 mg of solid was placed into a clean 60 mL Nalgene bottle with 10 grams of 
concentrated aqua regia (3:1 mix of HCl and HNO3).  This mixture was allowed to digest 
overnight, with heating, and covered with a watchglass.  The next day the watchglasses were 
removed and each beaker was evaporated to near-dryness.  Then, 5 mL of fresh concentrated 
HNO3 was added to each beaker to re-dissolve the solid residue.  After another 24 hours, this 
solution was transferred to a Nalgene bottle and diluted with deionized water to ~ 60 mL.  Then, 
5.0 mL of this solution was diluted to 50.0 mL in a second bottle.  All masses were recorded at 
each step to accurately determine the total dilution factors.  The twice-diluted solutions were 
then transported to the MBMG lab for analysis on the ICP-MS and the ICP-OES. 
Selected samples were collected in 2015 for analysis of δ18O and δ34S of dissolved 
sulfate.  Preparation of the samples followed the procedures of Carmody et al. (1998).  Sulfate 
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concentrations were initially estimated on a small sample volume using a HACH portable 
spectrophotometer (HACH method 8051).  Sulfate for isotopic analysis was then extracted as 
BaSO4 by addition of a 3x excess of BaCl2 to a 250 mL water sample with pH adjusted to less 
than 3 to prevent formation of BaCO3. The resultant BaSO4 precipitates, all of which were white 
in color, were filtered and rinsed several times with deionized water, dried overnight at 50˚C, and 
weighed to determine the sulfate yield and shipped to the University of Nevada-Reno for isotopic 
analysis. 
2.3. Analytical Methods 
Laboratories used for chemical analysis of water samples were the Environmental 
Biogeochemistry Lab (EBL) at the University of Montana-Missoula, and the Montana Bureau of 
Mines and Geology (MBMG) analysis lab on the Montana Tech campus in Butte, Montana.  The 
EBL lab used ion chromatography (IC) for analysis of anions by EPA method 300.0 and 
inductively coupled plasma optical emission spectroscopy (ICP-AES) for analysis of major 
solutes by EPA method 200.7.  The EBL lab was only used for the 2014 samples.  The MBMG 
lab was used for IC and ICP-OES analysis of selected samples collected in 2015, and for 
inductively coupled plasma mass spectroscopy (ICP-MS) analysis of trace elements (EPA 
method 200.8) for most of the water samples collected in 2014 and 2015.   
A set of stream samples collected in 2015 was analyzed for H- and O-isotopes of water at 
MBMG using a Picarro L1102-I CRDS water isotope analyzer for δ18O-H2O and δD-H2O.  
Isotopic values are reported in the usual δ notation in units of ‰ (per mil, or parts per thousand), 
versus the Vienna Standard Mean Ocean Water (VSMOW) for both oxygen and hydrogen.  The 
analyses were calibrated using isotopic standards USGS 47 (δ18O = -19.8; δD = -150.2), USGS 
48 (δ18O = -2.224; δD = -2.0) and Vienna Standard Mean Ocean Water (VSMOW) (δ18O = 0.0; 
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δD = 0.0).  Analyses usually consisted of a standard bracketing every 10 samples.  All isotope 
values were corrected based on a linear relationship between the Cavity Ring-Down 
Spectrometry (CRDS) reported value and the standard.  The slopes for these calibrations were 
generally close to 1 (e.g. 0.98 to 1.01) with a small offset correction.  Analytical uncertainties are 
estimated at ±0.2‰ for δ18Owater and ±1‰ for δDwater. 
Stable isotope analysis of the BaSO4 powders was performed by Dr. Simon Poulson at 
the University of Nevada – Reno using a Eurovector elemental analyzer interfaced to a 
Micromass IsoPrime stable isotope ratio mass spectrometer (IRMS).  Analysis followed the 
methods of Giesemann et al. (1994) for δ34S and Kornexl et al. (1999) for δ18O.  Based on 
replicate laboratory analyses, analytical uncertainties are ±0.2‰ for δ34Ssulfate and ±0.4‰ for 
δ18Osulfate.  The results were reported vs. the Vienna Canon Diablo Troilite standard (VCDT) for 
δ34Ssulfate and VSMOW for δ18Osulfate. 
2.4. Modeling Methods 
Field and laboratory data for samples collected in 2014 were used to collect charge 
balances and mineral saturation indices (S.I.) using version 3.1 of Visual Minteq (Gustafsson, 
2010), where S.I. = log(Q/K), Q is the ion activity quotient for the mineral of interest, and K is 
the equilibrium constant describing dissolution of that mineral.  Mineral S.I. values were 
adjusted to one metal atom per unit formula.  This was done to equally compare the saturation 
state of a set of minerals that share a common metal (i.e., Fe or Al).  Geochemical modeling was 
not performed on samples collected in 2015 because of a lack of data for certain major ions, 
including Na+, K+, Ca2+, and Mg2+.  In addition to geochemical modeling in Visual Minteq, Eh-
pH diagrams were constructed with a program called STABCAL (Huang, 2016). 
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3. Results 
All of the field and laboratory results collected in this study are recorded in Appendix A.  
Selected data will be shown in graphical form and briefly discussed in the following sections. 
3.1. General trends in pH and SC 
Figures 8 and 9 below summarize general trends in pH and specific conductivity (SC) in 
upper EFTLC and Sullivan Creek, respectively.  The upper EFTLC has two prominent acidic 
tributaries, here named the Red Fork and the White Fork.  The Red Fork is larger and drains a 
cirque basin on the NW flank of Mount Evans (see Figure A2 in Appendix A).  The smaller 
White Fork originates as a spring at the toe of a rock glacier on the east side of a spur of Mount 
Evans that separates the EFTLC and the West Fork of Twin Lakes Creek watersheds.  This rock 
glacier may still contain a core of ice based on the observation that the temperature of the spring 
was less than 1.5oC all summer long, and the fact that there does not appear to be a sufficient 
catchment area upgradient of the spring to explain its robust, year-round flow.  Although the Red 
Fork and White Fork have similar pH values, between 4.0 and 4.6, the White Fork has a much 
higher SC, being > 600 μS/cm at the source compared to SC values <200 μS/cm in the Red Fork.  
The higher SC of the source of the White Fork could be due to an accelerated rate of physical 
and chemical weathering of bedrock by the grinding motion of ice and rock along the bottom of 
the rock glacier, as has been noted for springs draining rock glaciers in other alpine settings 
(Krainer et al., 2007; Williams et al., 2006). 
The Red Fork is so-named because the stream is lined with orange-red precipitates.  
However the water itself contains only a small amount of dissolved Fe by the time it gets to the 
mouth of the Red Fork.  In the cirque basin of the upper Red Fork, there are abundant seeps and 
springs that discharge into a broad alpine meadow underlain by poorly cemented Fe-oxide, clay, 
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and organic matter.  This area could be classified as an iron bog.  This alpine area was only 
visited once during the project, and selected field and lab data are available in Figure A2 and 
Table A13 of Appendix A. 
 
 
Below the confluence of the acidic Red Fork and the pH-neutral upper EFTLC, there is a 
steep cataract with boulders that are heavily coated with white, aluminous precipitates.  Similar 
white precipitates are found over the entire length of the aptly named White Fork, except at the 
spring source coming from the rock glacier, which was always clear.  Another small, pH-neutral 
spring with high alkalinity and low SC flows into the White Fork about 50 feet below the spring 
source, causing a heavy coating of Al-rich precipitates below the confluence.  Below the 
Figure 8: A Google Earth image of East Fork Twin Lakes Creek, with pH and SC trends, the 
pink lines are acidic streams, blue are non-acidic.  Data collected on August 30, 2014. 
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confluence of the White Fork, the EFTLC continues to run white with a pH < 5 until the braided 
mouth of the Lake of the Isle tributary enters, with its considerable flow of pH-neutral, 
moderately-alkaline water.  Below this tributary, the pH of EFTLC climbs to 5.0-5.2, but the 
streambed remains coated white for several kilometers, all the way to the mouth of a second pH-
neutral tributary entering from the east (see data in Tables A3 and A13, Figure A1 of Appendix 
A).  Below this unnamed tributary, the pH of EFTLC climbs to values > 6, with less obvious 
coatings of in stream precipitates.  Slight white precipitates are still visible downstream of the 
confluence of EFTLC and the West Fork TLC. 
General trends in pH and SC of Sullivan Creek are summarized in Figure 9.  This stream 
shows many of the same chemical characteristics as EFTLC.  The source of Sullivan Creek 
however, is a fresh, pH-neutral, low SC alpine lake rather than a spring.  The fact that this lake is 
non-acidic is because it is surrounded by fresh granitic rock that lies outside of the limonite-
stained area of Mount Evans that is mainly confined to altered metasediments (Fig. 9).  The 
outlet to the lake runs subsurface through a slope of boulders, and once it reemerges, it is acidic 
(pH ~4.5) with elevated SC (> 130 μS/cm).  For the next kilometer, the stream is joined by 
numerous seeps and springs originating from the Mount Evans slope that are mildly acidic and 
rich in dissolved Fe (probably Fe2+).  Oxidation of this iron imparts a strong orange-red color to 
the streambed, and both alluvial and “iron bog” ferricrete deposits are abundant (Fig. 4).  The 
iron bogs on the Sullivan Creek side are more abundant than those on the EFTLC side and 
include ferricretes both in and around the streambed.  The smaller South Fork of upper Sullivan 
Creek, also sourced from a small lake with clear, pH-neutral, low-SC water, becomes weakly 
acidic as it flows past a limonite-stained spur of Mount Howe (visible in Figure 9).  Below the 
confluence of the North and South Forks, the color of the streambed of Sullivan Creek shifts 
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from red to white, with pH values approaching 5.0.  Despite the influx of numerous springs, 
seeps, and small tributaries with neutral pH, Sullivan Creek keeps a pH < 5.5 all the way to the 
lowest sampling station shown in Figure 9, with strong coatings of white, Al-rich ISPs 
throughout its reach. 
 
 
3.2. Major Solutes 
General trends in the major dissolved species of EFTLC and Sullivan Creek are 
summarized in Figures 10 and 11, respectively.  Major solutes in most fresh waters include the 
Figure 9:  An image showing Sullivan Creek and the pH/SC trends on that side.  Data 
collected on October 4, 2014 and upper reaches on August 2, 2015. 
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anions bicarbonate (HCO3-), chloride (Cl-), and sulfate (SO42-); the cations potassium (K+), 
magnesium (Mg2+), calcium (Ca2+), and sodium (Na+), and the uncharged forms of dissolved 
silica (often written SiO2 or H4SiO4(aq)) and carbonic acid (often written CO2(aq) or H2CO3(aq)).  In 
this study, concentrations of fluoride (F-) were higher than those of Cl-, the latter being typically 
non-detect. Except for the non-acidic tributary streams, concentrations of sulfate were much 
greater than bicarbonate, especially in the headwaters where pH was < 4.5 and bicarbonate 
alkalinity was zero.  The dominant cations were Ca2+, Mg2+, and Na+, joined by aluminum (Al3+) 
in the upper, acidic sampling sites.  Aluminum is not considered a major solute in most natural 
waters, but was present in concentrations near to or greater than 10 mg/L in upper EFTLC and 
Sullivan Creek due to the low pH of these streams.  Concentrations of dissolved SiO2 tended to 
decrease, in general, from the acidic headwaters to the lower sampling stations with higher pH.  
All the raw data for the figures below are in Appendix A. 
 
Figure 10:  Trends in major ions for EFTLC using 2014 data. 
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The 2014 data were used for this graphing due to a lack of some relevant information in 
the 2015 data set.  Select sample sites were revisited in 2015 and others skipped for preference of 
different sites. 
3.3. Minor and Trace Elements 
The concentrations of selected trace elements of interest in EFTLC and Sullivan Creek 
are shown in Figures 12 and 13, respectively (raw data can be found in Appendix A).  The 
elements shown include cobalt (Co), copper (Cu), iron (Fe), lithium (Li), manganese (Mn), 
nickel (Ni), lead (Pb), and zinc (Zn).  Additional trace elements detected in most or all samples 
included barium (Ba), rubidium (Rb), and strontium (Sr).  Trace elements detected in a few 
samples included arsenic (As), cadmium (Cd), cesium (Cs), gallium (Ga), molybdenum (Mo), 
selenium (Se), and uranium (U), as well as rare earth elements cerium (Ce), lanthanum (La), 
Figure 11:  Trends in major ions for Sullivan Creek using 2014 data. 
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neodymium (Nd), and praseodymium (Pr).  Concentrations of the rare earth elements (REE) are 
especially high in the White Fork of the EFTLC, and are discussed separately below. 
As shown in the below figures, EFTLC and Sullivan Creek both have relatively high 
concentrations (>10 μg/L) of Co, Cu, Mn, Ni, and Zn, with non-detectable concentrations of Pb 
except for two low concentrations in Sullivan Creek, and highly variable concentrations of Fe.  
In the EFTLC watershed, the concentrations of most trace metals were the highest at the source 
of the White Fork coming from the rock glacier.  In the Sullivan Creek watershed, highest metal 
concentrations were found in some of the seeps and small tributaries in the subalpine meadows at 
the foot of the limonite-stained ridge of Mount Evans. 
 
 
 
Figure 12:  Trends in minor ions for EFTLC using 2014 data. 
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Appendix A includes trace element data for both dissolved (FA, filtered-acidified) and 
total (RA, raw-acidified) concentrations.  In general, FA and RA concentrations were similar for 
the trace metals shown in Figures 12 and 13 in the upstream, acidic waters.  In downstream 
waters with higher pH values, some separation was noted between FA and RA concentrations, 
indicating that trace metals were partitioning into the suspended sediment fraction and adsorbing 
to the oxides.  This is discussed more in Section 4.1 
3.4. Solid Chemistry 
Sullivan Creek was the first creek to be evaluated with the portable X-ray Florescence 
Spectrometer (pXRF), in the summer of 2015.  The data represented in Figure 14 shows the shift 
between iron-rich precipitates in the supper stretches of Sullivan Creek to an aluminum and 
sulfur-rich precipitate further downstream.  This agrees with visual observations made in the 
field, with the change from orange-red color in the upper reaches of the streambed transitioning 
Figure 13:  Trends in minor ions for Sullivan Creek using 2014 data. 
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to white below the confluence of the North and South Forks.  Concentrations of other trace 
elements, such as Cu, Co, Ni, and Zn, showed no clear pattern with distance downstream in 
Sullivan Creek (Figure 14), with concentrations consistently around 100 mg/kg.   
 
 
Figure 15 below shows pXRF data for in-stream precipitates from the East Fork of Twin 
Lakes Creek drainage; sampling sites are labeled on Figure A2, appendix A.  All the precipitates 
within and downstream of the White Fork are dominated by aluminum, consistent with the white 
color of the stream bed.  The upstream precipitates also have a high sulfur content, although 
Figure 14:  Graph showing concentrations of selected elements in the precipitates going downstream left to 
right in Sullivan Creek, indicating the changes from iron oxide rich precipitates to aluminum sulfate rich 
precipitates flowing downstream. 
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sulfur content starts to drop steeply below Stop 5.  Other trace metals showed few clear trends, 
although manganese and silicon tended to comprise a greater percentage of the ISP samples with 
distance downstream.  Despite the fact that most of the water samples in EFTLC have 
concentrations of dissolved arsenic below detection, arsenic levels in the ISPs were greater than 
100 mg/kg below the confluence of the White Fork.  This suggests that arsenic has a strong 
tendency to partition from the dissolved phase onto the Al-rich precipitates. 
 
Figure 15:  Concentrations of selected elements determined by pXRF for in-stream precipitates coating the 
streambed of EFTLC.  Stop locations are identified in Figure A2, Appendix A. 
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3.5. Precipitate Mineralogy 
Bulk digestions were done on the precipitate samples to identify the Al:S and Al:Fe 
ratios.  The samples were analyzed using the ICP-AES at U-Montana.  Most of the sample 
results were under detection due to background concentrations.  The Al:S ratios are located in 
Table 2 below.  The Al:S ratios for both the EFTLC and the White Fork (WF) are around 6:1, 
which is too high for basaluminite at 4:1, suggesting there is a mixture of basaluminite and other 
Al hydroxide minerals.   
Table 2: ICP-OES analysis of digested Al- and Fe-precipitates 
 
mg/L molal 
Sample Name Al Fe S Al:S Al:Fe 
      
EFLTC-1 14.6 0.28 2.88 6.05 109 
EFLTC S-1 6.32 0.40 1.07 7.01 32.6 
EFLTC STOP 3 9.37 0.11 1.23 9.03 174 
EFLTC STOP 5 7.15 0.20 1.20 7.07 74.2 
WF-01 8.78 b.d. 1.75 5.96 
 UPPER WF 8.05 b.d. 0.93 10.2 
 SC Fe 0.53 6.80 b.d. 
 
0.16 
 
The aluminum precipitates in EFTLC and the White Fork have low iron ratios (Al/Fe = 
32 to 174), indicating that there are more aluminum rich minerals in these precipitates.  The high 
iron precipitate from Sullivan Creek side has more iron than aluminum (Al/Fe = 0.16), 
suggesting that iron minerals will be more prevalent in this location.  The section 4.2 discusses 
the potential minerals formed through solubility index modeling, using Visual Minteq to model 
the water data. 
3.6. Water Isotopes 
Results for water isotope data are included in Table A14 of Appendix A, and are summarized in 
Figure 16.  For reference, the global meteoric water line (GMWL) of Craig (1961) and the local 
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meteoric water line (LMWL) for Butte, Montana (Gammons et al. 2006) are shown.  Results 
show three things: 
1) All stream and spring samples plot between GMWL and LMWL and show no evidence 
of evaporation; 
2) There are moderate differences in the isotopes between samples which are probably 
explained by different residence times and seasonal effects; 
3) There is no apparent difference between isotopes of White Fork source vs. the other 
samples.  This is in contrast to Williams et al. (2006) who found that the isotopic 
composition of springs draining a rock glacier in Colorado was heavier than the local 
groundwater.   
 
              Figure 16:  Water isotope data from stream samples collected in this study, with the global  
              and Butte meteoric water lines. 
 
3.7. Sulfate Isotopes 
Sulfate isotopes were taken during the field visits in August of 2015 at selected sites, 
results are summarized in Figure 17.  The results are reported similarly to the water isotopes 
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discussed earlier in this paper, in per mil (‰) in δ34S for sulfur and δ18O for oxygen.  The δ34S of 
dissolved sulfate ranged from +8.2 to +10.3 ‰, while the δ18O of sulfate ranged from -5.7 to  -
3.3 ‰.  The values of δ34S of dissolved sulfate are similar to but slightly higher than the values 
of δ34S that have been obtained for pyrite (6.9 ‰) and pyrrhotite (7.9 ‰) from the 
metasediments of Mount Evans (Kyle Eastman, personal commun., 2016).  Previous studies have 
shown very little change in δ34S when sulfide minerals are oxidized to sulfate (Seal, 2003).  
Therefore, if the dissolved sulfate in the streams of this study came from oxidation of sulfide 
minerals on Mount Evans, then the δ34S values of sulfate should be similar to the δ34S values of 
the sulfide minerals themselves.  This is more or less the case, although more samples would 
need to be collected to prove this relationship.  The δ18O-sulfate values lie between the δ18O of 
the local waters (-18.2 to -16.5 ‰) and the δ18O of O2 in the Earth’s atmosphere (+23.5 ‰).  
This suggests that at least some oxidation of sulfide minerals on Mount Evans occurred above 
the water table in the presence of gaseous O2 (Seal, 2003). 
Figure 17: Sulfate isotope results for water samples taken at selected sites. 
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4. Discussion 
4.1. Hydrogeochemical Trends 
Geochemical analysis of waters coming from streams draining Mount Evans in the 
Anaconda Pintler Mountains show naturally occurring acid rock drainage.  There are telltale 
trends in the data which indicate several things: rock glacier chemical weathering, mobilization 
of heavy metals, potential for adsorption to hydrous-oxides of either iron or more likely 
aluminum, and localized mineral anomalies causing the previous trends. 
The elevated concentrations of rare earth minerals in the White Fork of EFTLC, along 
with a very high SC indicate that there is a process going on to mobilize these elements into the 
water.  One theory that has been studied by Chillrud et al. (1994), is that glacial ice movement 
exposes more mineral surface area for chemical weathering. Although the slopes of Mount Evans 
are stained orange-red, it is difficult to find fresh sulfide minerals in the rock because of the 
considerable depth of oxidation and weathering.  Sulfides that are still present are found in hard, 
quartz-rich rock that has fewer fractures.  (Eastman, personal communication, 2015).  The 
grinding and milling action of ice at the bottom of a rock glacier would break these hard rocks 
apart, exposing pyrite and pyrrhotite surfaces to oxidation and weathering.  This is the most 
likely explanation for the anomalously high SC, sulfate, and metals concentrations of the White 
Fork source. 
Rock-forming elements such as aluminum and iron can form hydroxides which are prime 
coatings to adsorb heavy metals.  To track the behavior of trace elements as water moves down 
the watershed, it is useful to examine trends in metal loads.  The load of a given metal is the 
concentration times the streamflow, and has units of mass/time.  Whereas the concentration of a 
trace metal will decrease as fresh groundwater or tributaries enter the main stream, the load will 
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remain unchanged, unless the metal behaves non-conservatively.  For example, it might 
precipitate or adsorb onto the streambed, or onto suspended particles in the water column.  Some 
of the metals that have high concentrations in some areas and lower concentrations in other areas 
include zinc, manganese, cadmium, cobalt and copper. 
 
Figure 18:  Changes in the dissolved (FA) and the total (RA) loads of selected trace elements from the source of the 
White Fork to below the confluence of the East and West Forks of Twin Lakes Creek on July 5, 2015. 
 
Figure 18 summarizes changes in load of several trace elements of interest (Ce, Al, Zn, 
and Cu) from the source of the White Fork all the way down to Twin Lakes Creek below the 
confluence of the East and West Forks.  For each element, data are shown for both filtered (FA) 
and unfiltered grab sample (RA) concentrations.  If the FA and RA concentrations are the same, 
that means that all of the metal is dissolved in the water, with negligible metal in filterable 
suspended solids.  From the graph it is clear that Ce, Al, Zn, and Cu remain dissolved from the 
top to the bottom of the White Fork.  The solute loads jump after the confluence of the main stem 
of EFTLC, but remain primarily dissolved at EFTLC-1.  Between EFTLC-1 and the mouth of 
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EFTLC, the total loads (based on RA concentrations) of each element decrease slightly.  For 
zinc, almost all of the Zn load remains dissolved.  In contrast, the separation of FA and RA loads 
for Ce, Cu, and Al show that these elements are adsorbed or co-precipitated into suspended 
particles.  There is no change to the total or dissolved loads below the confluence of the West 
Fork of TLC, indicating that this clean tributary has almost no Ce, Cu, Al, or Zn in it. 
Because of limited funds and time constraints, it was not feasible to do a more detailed 
synoptic sampling of EFTLC in this study.  Collecting more samples between EFTLC-1 and the 
mouth of EFTLC might show interesting geochemical trends.  Diel (24-hour) sampling would 
also show if there were any changes in concentrations of certain solutes between night and day.  
These changes would show if there is microbe activity or if a change in temperature can cause 
adsorption/desorption trends.  Many previous investigators have shown that trace metal 
concentrations can change dramatically over a diel time frame (e.g. Gammons et al., 2005, 
Nimick et al., 2011). 
Changes in dissolved load for Sullivan Creek are shown in Figure 19.  The trends show 
that aluminum load decreased slightly between SC-5 and SC-2, but then Al load dropped more 
steeply below SC-2.  Iron loads decreased between SC-5 and SC-3, but then increased below the 
confluence of the south fork of Sullivan Creek (SCT-2) and remained elevated to the mouth of 
the stream.  This is because the south fork is also acidic, and carries some dissolved iron.  It is 
possible that some of this dissolved Fe is being transported by dissolved organic matter, given 
the abundant wetlands bordering the stream along most of its length.  Small amounts of Cu, Ni, 
Zn, and sulfate are also added to Sullivan Creek from the south fork (SCT-2).  Loads of Zn, Ni, 
Co, and Mn deceased substantially between SC-1 and SC-0, owing to the near neutral pH values 
and the long distance between these two sampling sites.   
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4.2. Geochemical Modeling and Saturation Indices 
Visual Minteq is a geochemical modeling program developed by the U.S. Environmental 
Protection Agency (EPA) and later adapted to a “Windows” format by Gustafsson (2010).  The 
program can calculate saturation indices for a large number of solids based on the water sample 
concentrations input.  The program also computes a charge balance based on the chemical 
analysis, which is a useful check on the quality of the chemical concentration data.  Table 3 
Figure 19:  Data from 2014 for dissolved loads in Sullivan Creek.  Large blue arrows show 
confluence of tributaries.  Black arrow from right to left shows direction downstream. 
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summarizes the computed charge imbalances for samples collected in 2014.  With the exception 
of SC0 (a sample collected near the mouth of Sullivan Creek), all of the charge imbalances are 
less than 10%, and most are less than 2%.   
 
Table 3: Visual Minteq calculated charge balances. 
 
The next four graphs summarize trends in the calculated saturation indices (S.I.) for 
EFTLC and Sullivan Creek based on the 2014 data set taken on the EFTLC side on August 30 
and on Sullivan Creek side on October 4.  Minerals with a positive S.I. value are said to be 
supersaturated, and should be expected to precipitate out of the water based on equilibrium 
constraints.  Minerals with a negative S.I. value are undersaturated, and should remain dissolved.  
Minerals with S.I. values near zero are close to equilibrium with the water.  These graphs show 
the results of the modeling on which minerals would be incorporated in the precipitates at each 
site, based on water chemistry, pH, and temperature.   
Site Charge balance excess
EFTLC1 1.13% cation
EFTLC2 0.84% cation
EFTLC3 0.44% cation
RED FORK 0.03% anions
WHITE FORK 1 1.50% anions
WHITE FORK 2 1.98% anions
WHITE FORK 3 1.16% cation
WHITE FORK 4 0.74% anions
SC0 10.03% cations
SC1 8.71% anions
SC2 0.52% anions
SC3 2.19% anions
SC4 0.49% cations
SC5 1.39% anions
SCT1 9.79% anions
SCT2 5.24% anions
SCT3 1.85% anions
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Figure 20 shows downstream changes in S.I. values in the East Fork Twin Lakes Creek 
for various Al-rich solids including basaluminite (Al4(SO4)(OH)10•4H2O), gibbsite (crystalline 
Al(OH)3), amorphous Al(OH)3, kaolinite (Al2Si2O5(OH)4), halloysite (a polymorph of kaolinite), 
diaspore (AlOOH), jurbanite (AlOHSO4) and alunite (KAl3(SO4)2(OH)6).  For most samples, 
diaspore and kaolinite are oversaturated, halloysite is undersaturated, and amorphous Al(OH)3 is 
strongly undersaturated.  Minerals that are closest to equilibrium include basaluminite, gibbsite, 
and, in some cases, alunite.  Based on the chemistry of the precipitates (Al:S mole ratio of 6:1), it 
is reasoned that the white precipitates of EFTLC are probably a mixture of basaluminite and 
gibbsite.  Attempts to verify this theory by XRD failed to show any identifiable peaks, indicating 
that the precipitates are extremely fine-grained, and possibly amorphous. 
Figure 21 shows S.I. values for iron-rich solid phases in EFTLC.  Samples collected near 
the mouth of the Red Fork and at EFTLC-1 are highly supersaturated with goethite (FeOOH) and 
hematite (Fe2O3), close to equilibrium with both “aged” and “fresh” ferrihydrite (ferric-
hydroxide, or Fe(OH)3), and undersaturated with K-jarosite (KFe3(SO4)2(OH)6).  Although 
hematite and/or goethite are thermodynamically predicted to form, these reactions are kinetically 
extremely slow.  As a result, the dominant Fe phase in the streambed precipitates is probably 
ferric-hydroxide. 
Figures 22 and 23 summarize trends in S.I. values for aluminum and iron phases in 
Sullivan Creek.  For the most part the results are similar to EFTLC.  Al-rich phases closest to 
equilibrium in Sullivan Creek include alunite, basaluminite, gibbsite, and halloysite.  Fe-rich 
phases closest to equilibrium are ferrihydrite and K-jarosite.  The fact that the S.I. value for 
jarosite is close to zero at the uppermost sampling site in Sullivan Creek (SCT-3) suggests that 
jarosite is probably present and helping to control the water chemistry.  This agrees with the 
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observation of abundant “jarosite staining” of weathered rock surfaces on the flanks of Mount 
Evans near SCT-3.  
 
Upper Sullivan Creek is stained a stronger red-orange color than upper EFTLC, and there 
are several large outcrops of ferricrete, both in and outside the stream channel at SC-4 and SC-5.  
The ferricrete consists of Fe-oxide cemented gravel and boulders.  Although no XRD work was 
done in this study, XRD of similar ferricrete deposits in the Judith Mountains showed that the 
dominant Fe-oxide in these ferricretes is crystalline goethite (FeOOH) (Williams et al., 2015).  
Over time, phases like amorphous Fe(OH)3 that form rapidly on the streambed transform to 
goethite, the thermodynamically stable phase. 
 
Figure 20:  The aluminum phase saturation indices for East Fork Twin Lakes Creek. 
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Figure 21:  The iron phase saturation indices for East Fork Twin Lakes Creek. 
Figure 22:  The aluminum phase saturation indices for Sullivan Creek. 
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The Eh vs. pH diagrams shown in Figures 24 and 25, drawn with the program STABCAL 
(Huang, 2016), show the stability field of the solid versus dissolved forms of aluminum and iron.  
The pH and Eh values for samples from EFTLC and Sullivan Creek are shown with “X” and “O” 
symbols respectively.  These figures show that both streams have Eh-pH conditions that are 
close to the boundary between dissolved Fe (mostly Fe2+), dissolved Al (mostly Al(SO4)+), 
ferrihydrite, and basaluminite.  Thus, the Eh-pH calculations show similar results to the S.I. 
modeling values obtained with Visual Minteq.   
 
 
 
 
 
 
Figure 23:  The iron phase saturation indices for Sullivan Creek. 
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Figure 25: The Eh-pH diagram for the Al-C-S-H20 system, showing the conditions for samples 
collected in EFTLC (X) and Sullivan Creek (O). 
Figure 24: The Eh-pH diagram for the Fe-C-S-H20 system, showing the conditions for samples 
collected in EFTLC (X) and Sullivan Creek (O). 
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4.3. Montana State Water Quality Relationships 
The State of Montana issues water quality standards for both human and aquatic life to 
calculate water quality.  Water quality can be determined using hardness, with the concentrations 
of calcium and magnesium, then comparing them to metal concentration standards which are 
calculated using hardness.  Only the results from 2014 from both creeks had concentrations for 
calcium and magnesium on the ICP-OES, therefore only 2014 data was interpreted.  The 
calculations for heavy metals were made using a table provided in Department of Environmental 
Quality (DEQ) Circular 7 (2012).  Many of the waters tested were over the aquatic life chronic 
standards meaning, if aquatic life were exposed to these concentrations for a long period, it 
would have an effect on their ability to live and reproduce. 
 
The trends in Figure 26 indicate that the concentrations are much higher at lower pH 
values for the metals of concern; aluminum (Al), cadmium (Cd), copper (Cu), nickel (Ni), and 
Figure 26:  The dissolved concentrations of selected elements for pH ranges in the study area. 
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zinc (Zn).  It also shows that nickel and zinc have similar values, whereas aluminum is at 
extremely high levels at lower pH and becomes non-dissolved at a quicker rate than the other 
metals.  This trend results in high levels of white precipitate in the streambeds.  The 
concentrations all are diminished as the pH rises, most by at least an order of magnitude and 
aluminum by two orders of magnitude. 
 
Using comparison of the water quality standard to the measured concentration, it is found 
that many of these waters are even above standards by up to 9 times.  A hazard quotient was 
calculated by dividing the measured concentration of each sample by the regulatory standard for 
chronic aquatic life for that sample, adjusted to hardness (Figure 26).  The trends show clearly 
that the hazard quotient values consistently are greater than 1 for the acidic samples (pH <5.5).  
However, once the streams get to around 5.5 pH the hazard quotient values drop below 1 for all 
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but cadmium.  Cadmium is highly toxic and is often the most difficult metal to treat to standards 
during standard lime treatment of ARD. 
5. Conclusions and Recommendations 
5.1. Conclusions 
Overall, this study was a new frontier and helped advance the knowledge of naturally 
occurring acid rock drainage.  The following is a list of some of the main findings of this study:   
• Two streams draining either side of Mount Evans, the East Fork Twin Lakes 
Creek (EFTLC) and Sullivan Creek, are naturally acidic in their headwaters due 
to weathering of sulfides in Precambrian metasedimentary rocks. 
• Both streams have pH values near 4 at the headwater source, with widespread Fe-
oxide deposits (ferricretes) along the stream and in boggy ground where springs 
rise to the surface at the base of Mount Evans. 
• With distances downstream, pH values rise due to the confluence of non-acidic 
tributaries and groundwater.  As pH rises above 5, both streams show abundant 
white precipitates that are believed to be a mixture of aluminum hydroxides 
(Al(OH)3) and basaluminite (Al4(SO4)(OH)10•4H2O) based on chemical analysis 
and modeling. 
• The EFTLC watershed includes a tributary, the White Fork, which emerges as a 
spring at the toe of a rock glacier on the north flank of Mount Evans.  The White 
Fork has higher SC and metal concentrations than all of the other waterbodies in 
the study area.  It is hypothesized that the high SC is due to a faster rate of 
chemical weathering from exposure of pyrite and pyrrhotite in freshly ground 
bedrock from the grinding of a rock glacier. 
48 
• Stable isotopes of hydrogen and oxygen in water are similar for all of the waters 
sampled in this study, and plot along the meteoric water line. 
• Stable isotopes of sulfur and oxygen in sulfate are similar in Sullivan Creek and 
EFTLC, and are consistent with most of the sulfate being sourced from oxidation 
of sulfides on Mount Evans. 
• In the acidic headwaters of both Sullivan Creek and EFTLC, concentrations of 
several trace metals, including cadmium, copper, nickel, and zinc, are well above 
Montana water quality standards for aquatic life.  The White Fork of EFTLC is 
unusually enriched in rare earth elements (REE). 
• Dissolved loads of certain trace elements in EFTLC, such as Al, Cu, and Ce, 
decrease as the pH rises above 5.  However, suspended loads of Al, Cu, and Ce 
remain elevated to the mouth of EFTLC.  Other elements, such as Zn, show little 
evidence of partitioning into suspended solids or stream sediments. 
5.2. Recommendations 
Further work in this study area should be considered for a number of reasons.  This area 
has a unique combination of naturally occurring acid rock drainage, aluminum precipitates, and 
elevated rare earth element concentrations.  Some specific recommendations include: 
• More water samples could be collected earlier in the season to compare 
concentrations and loads between baseflow and runoff conditions. 
• Data collected in this thesis could be further analyzed with Visual Minteq or other 
geochemical modeling programs (ie. PHREEQ or Geochemist Workbench) to 
simulate adsorption of metals onto hydrous oxides of iron and aluminum. 
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• It might be interesting to try diel (24 hour) sampling of the streams to see if metal 
concentrations change between day and night due to temperature changes.   
• Due to the uniqueness of this system, it may be worth investigating the biology of 
the streams.  This could include a survey of macroinvertebrates, fish, and 
microbes. 
• More mineralogy and geochemistry work could be done with the ferricretes in 
upper Sullivan Creek, as well as the headwaters of EFTLC.  In addition, it may be 
possible to date the ferricrete deposits using carbon-14 if fossilized plant matter is 
found.  This data could be helpful in finding out possibly how long this drainage 
has been acidic and could provide more information on what metals have been 
adsorbed. 
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Appendix A: Raw Data from Field Visits and Analysis 
Table A1:  Field data for 2014 sam
ples 
 
                      
  
 
data point 
Sam
pling  
pH 
Tem
p 
SC 
Eh 
DO
 
DO
 
alkalinity 
flow
 
 
date 
  
deg C 
µS/cm
 
m
V 
%
 
ppm
 
m
g/L CaCO
3 
cfs 
Sullivan Creek Sam
ples 
SC0 
10/4/2014 
7.12 
2.55 
97 
411 
0 
0 
28 
4.79 
SC1 
10/4/2014 
5.23 
1.98 
57 
439 
0 
0 
7 
2.18 
SC2 
10/4/2014 
5.00 
2.39 
73 
447 
0 
0 
0 
1.65 
SC3 
10/4/2014 
4.92 
3.32 
102 
451 
0 
0 
1.5 
0.86 
SC4 
10/4/2014 
4.66 
4.26 
127 
455 
0 
0 
0 
0.70 
SC5 
10/4/2014 
4.53 
5.88 
139 
462 
0 
0 
0 
0.65 
SCT1 
10/4/2014 
6.88 
3.42 
20 
402 
0 
0 
8 
0.29 
SCT2 
10/4/2014 
5.67 
4.37 
41 
420 
0 
0 
3 
0.68 
SCT3 
10/4/2014 
4.26 
9.00 
307 
530 
0 
0 
0 
0.08 
East Fork Tw
in Lake Creek Sam
ples 
EFTC-1 
8/30/2014 
4.63 
6.40 
183 
416 
78 
7.8 
0 
3.23 
EFTC-2 
8/30/2014 
4.86 
5.97 
135 
406 
80 
8.02 
0 
 
EFTC-3 
8/30/2014 
6.24 
5.50 
121 
411 
78 
7.9 
2 
1.69 
Red Fork 
8/30/2014 
4.34 
6.96 
179 
417 
77.7 
7.64 
0 
0.227 
W
hite Fork 1 
8/30/2014 
4.60 
9.04 
546 
417 
78 
7.32 
0 
0.063 
W
hite Fork 2 
8/30/2014 
4.59 
3.69 
581 
416 
77.2 
8.22 
0 
 
W
hite Fork 3 
8/30/2014 
6.25 
3.94 
94 
406 
52 
5.6 
22 
 
W
hite Fork 4 
8/30/2014 
4.34 
0.95 
689 
418 
77 
8.94 
0 
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Table A2:  Field data for 2015 Sam
ples: East Fork Tw
in Lakes Creek 
 
             
   Table A3:  Field data for 2015 Sam
ples: Sullivan Creek 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tem
perature 
SC 
Eh 
DO
 
DO
 
alkalinity 
flow
 
 
 
pH 
degrees C 
µS/cm
 
m
V 
%
 
ppm
 
m
g/L CaCO
3 
cfs 
SC-1 
8/2/2015 
4.70 
7.9 
49.7 
452 
93.6 
8.97 
 
3.74 
SCT-1* 
8/2/2015 
5.65 
8.3 
17.5 
450 
92.0 
8.70 
 
  
SC-3 
8/2/2015 
4.40 
9.2 
91.8 
503 
90.9 
8.44 
 
1.50 
SCT-2 
8/2/2015 
5.66 
12.6 
33.8 
418 
91.6 
7.84 
 
1.34 
SC-4 (ferricretes) 
8/2/2015 
4.46 
12.7 
113.7 
534 
89.4 
7.62 
 
1.00 
SC-7 
8/2/2015 
 
 
 
 
 
 
 
0.06 
SCT-3 
8/2/2015 
4.12 
15.5 
271 
577 
99.0 
 
 
 
SCT-4 
8/2/2015 
4.19 
15.2 
183.7 
585 
94.1 
7.61 
 
 
  
data point 
Sam
pling 
pH 
Tem
p 
SC 
Eh 
DO
 
DO
 
alkalinity 
flow
 
 
Date 
  
deg C 
µS/cm
 
m
V 
%
 
ppm
 
m
g/L CaCO
3 
cfs 
4M
ile Basin Creek 
7/5/2015 
7.46 
10.2 
134 
391 
95 
8.70 
-- 
-- 
W
FTLC-01  
7/5/2015 
7.35 
15.5 
85.1 
418 
96.2 
7.77 
29 
8.17 
EFTLC-00  
7/5/2015 
7.13 
9.5 
103 
406 
94.7 
8.78 
9 
12.3 
TLC-01  
7/5/2015 
7.17 
10.5 
104 
397 
96 
8.67 
28 
-- 
EFTLC-01-B  
7/5/2015 
4.37 
11.2 
197 
434 
90.3 
8.06 
-- 
 
TLC-02  
7/5/2015 
7.09 
13.1 
95.3 
426 
95.6 
8.14 
19 
20 
W
hite Fork 01 
7/5/2015 
4.29 
15.9 
599 
433 
90.1 
7.20 
-- 
0.259 
W
hite Fork 03 
7/5/2015 
6.12 
4.1 
97.4 
426 
49.6 
5.27 
26 
0.244 
W
hite Fork 04 
7/5/2015 
4.42 
1.3 
731 
433 
89.0 
10.2 
-- 
0.031 
W
hite Fork 05 
7/5/2015 
4.54 
2.7 
646 
432 
89.7 
9.84 
-- 
0.213 
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 Table A4:  Field data for EFTLC synoptic sam
pling of July 09, 2015 (C. Gam
m
ons, personal com
m
unication).     
 *See m
aps next page for locations of these stops 
           Location 
Date 
pH 
Tem
p, C 
SC, µS/cm
 
N
otes 
Red Fork (m
outh) 
7/9/2015 
4.21 
4.8 
229 
  
E. Frk above Red Frk 
7/9/2015 
4.34 
6.96 
179 
 
E. Frk upper crossing 
7/9/2015 
4.60 
9.04 
546 
 
W
hite Fork 1 
7/9/2015 
4.59 
3.69 
581 
 
EFTLC-01 
7/9/2015 
6.25 
3.94 
94 
  
Lake of Isle Trib 
7/9/2015 
6.68 
14.2 
30.3 
Alkalinity = 12 m
g/L CaCO
3.   M
outh of this stream
 has m
any forks. 
EFTLC Stop 1* 
7/9/2015 
5.07 
9.57 
138 
End of broad m
eadow
…
 took pXRF data and sam
ples of ISPs 
EFTLC Stop 2* 
7/9/2015 
5.16 
10.1 
138 
Steep bouldery stream
 here…
 took pXRFs 
EFTLC Stop 3* 
7/9/2015 
5.06 
10.9 
137 
Bottom
 of w
aterfall…
 took pXRFs and ISP sam
ples 
Stop 4 SW
 Trib 1* 
7/9/2015 
6.76 
7.2 
99 
M
eadow
 at m
outh of trib stream
…
Alkalinity = 28 m
g/L CaCO
3 
EFTLC Stop 5* 
7/9/2015 
5.75 
11.42 
124 
End of m
eadow
.. took pXRFs and ISP sam
ples 
EFTLC Stop 6* 
7/9/2015 
5.91 
12.4 
127 
 
SW
 Trib 2* 
7/9/2015 
8.4 
94 
7.03 
Second trib entering from
 east…
 bigger than the first at Stop 4 
EFTLC Stop 7* 
7/9/2015 
6.7 
11.34 
116 
Below
 sm
all w
aterfall: Took pXRFs and ISP sam
ples 
EFTLC Stop 8* 
7/9/2015 
6.9 
11.41 
114 
W
here gradient flattens.. took pXRFs, ISPs and FA/RA sam
ples 
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Figure A1:  Maps of sample locations for EFTLC synoptic sampling of July 09, 2015. 
 
(North is towards top of photos).   
 
 
 
 
  
Lake of Isle Trib
Stop 1
Stop 2
Stop  3
Stop  4
Stop  5
Stop  6
Stop  5
Stop  6
Stop  7
Stop  8
waterfall
E Fork E 
trib-2
E Fork E trib-1
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Figure A2.  Field notes taken by C. Gammons during trip to headwaters of the Red Fork of the 
East Fork of Twin Lakes Creek, August 08, 2015.   The pH and SC measurements were taken with 
a WTW meter.  North is towards the top of the photo.   
 
 
  
Sample sites
August 8, 2015 White Fork source 
(water isotope, sulfate isotope, flow, FA)
pH 4.49, 1.3˚C, 781 uS/cm
Clean Spring (Water isotope
pH > 5.5, 3.9˚C, 108 
“Rock Glacier Spring #2”
(water isotope, FA)
pH 4.39, 1.7˚C, 467
“Rock Glacier #3”
This is actually the Red Fork that goes 
subsurface and re-emerges at toe of 
rock glacier.  It looks like a big spring 
but it isn’t (water isotope, FA, flow)
pH 4.28, 6.2˚C, 279 uS/cm
Stop 4 “SE Trib, upper Red Fork”
Mostly resurfaced Red Fork water
(water isotope, FA, flow)
pH 4.26, 5.8˚C, 355 uS/cm
Stop 5 Red Fork Source
Major springs emerge here
(water isotope, FA, FU, flow)
pH 4.32, 2.0˚C, 551 uS/cm
Stop 7
Many seeps 
(water isotope) 
pH > 5.5, SC 40 to 80
Stop 6
“West Side seeps”
pH 4.5, 6.0˚C, 349
Red Fork mouth
(sulfate isotope)
Iron Bog
Water flow is anastomosing through this wetland, which is 
probably underlain by thick pile of ferricrete and peat. SW  
splits, goes subsurface, and re-appears elsewhere.  Stops 3 
and 4 are just re-routed “Red Fork” water. Many isolated, 
bright red, gw-fed pools.   
Rock Glacier
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Table A5:  Ion chromatography results, 2014 samples.   
 
Location F Cl NO2-N SO4 NO3-N 
 mg/L mg/L mg/L mg/L mg/L 
Sullivan Creek Samples 
SC0 0.22 <0.3 <0.05 12.0 <0.125 
SC1 0.34 <0.3 <0.05 21.1 <0.125 
SC2 0.40 <0.3 <0.05 28.4 0.13 
SC3 0.57 <0.3 <0.05 41.7 <0.125 
SC4 0.62 <0.3 <0.05 53.0 <0.125 
SC5 0.83 <0.3 <0.05 63.7 <0.125 
SCT1 0.17 <0.3 <0.05 2.2 0.63 
SCT2 0.20 <0.3 <0.05 14.0 0.21 
SCT3 3.0 <0.3 <0.05 high <0.125 
East Fork Twin Lakes Creek samples 
EFTLC-1 0.63 <0.3 <0.05 86.6 0.19 
EFTLC-2 0.45 <0.3 <0.05 61.3 0.20 
EFTLC-3 0.59 <0.3 <0.05 50.5 0.27 
Red Fork 0.26 <0.3 <0.05 85.0 0.13 
White Fork 1      
White Fork 2 2.2 <0.3 <0.05 high 0.13 
White Fork 3 1.1 <0.3 <0.05 20.9 <0.125 
White Fork 4 2.4 <0.3 <0.05 high 0.28 
All samples had bromide and phosphate below detection (< 0.01 mg/L).  
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Table A6:  Ion chromatography results for 2015    
Field ID Fluoride Chloride Nitrite Nitrate Phosphate Sulfate aNH4  
 mg/L mg/L mg/L as N mg/L as N mg/L mg/L mg/L as N 
East Fork Twin Lakes Creek Samples 
WF-01 2.86 0.45 0.06 0.13 <0.01 473 0.02 
WF-01 Dup 1.86 0.38 0.06 0.14 <0.01 483  
WF-03 1.44 0.35 <0.01 <0.01 <0.01 22.7  
WF-04 1.96 0.40 0.06 0.26 <0.01 662 0.08 
WF-05 1.84 0.38 0.06 0.21 <0.01 549 0.03 
WFTLC 01 0.20 0.33 <0.01 <0.01 <0.01 14.2  
TLC 01 0.47 0.32 <0.01 0.08 <0.01 23.5  
TLC 02 0.39 0.32 <0.01 0.08 <0.01 27.9  
EFTLC 00 0.48 0.32 <0.01 0.12 <0.01 39.6 0.01 
EFTLC 01 0.75 0.31 <0.01 0.16 <0.01 151 0.01 
Red Tribb      115  
Sullivan Creek Samples 
SC-1 0.53 0.31 <0.01 0.10 <0.01 31.9  
SC-3 0.61 0.31 <0.01 0.11 <0.01 62.4  
SC-4 0.51 0.31 <0.01 0.13 <0.01 76.8  
SC Lake 0.10 0.30 <0.01 0.12 <0.01 7.7  
SC-7 0.54 0.31 <0.01 0.19 <0.01 224  
SC-7 Dup 0.53 0.31 <0.01 0.19 <0.01 232  
SCT-2 0.29 0.29 <0.01 0.16 0.023 22.5  
SCT-3 2.55 0.32 <0.01 0.16 0.018 221  
SCT-4 0.57 0.32 <0.01 0.06 <0.01 152  
Notes:   a) NH4-N data determined by spectrophotometry; b) Red Trib sample collected on July 09, 2015.  
All samples had bromide below detection (< 0.01 mg/L).  
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Table A7: M
ajor Solute Results 2014 sam
ples 
 
Al    
Al   
Ca 
K 
M
g 
N
a 
S 
Si 
Sam
ple ID 
ICP-O
ES 
ICP-M
S 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
  
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
Sullivan Creek Sam
ples 
SC0 FA 
0.00 
0.03 
11.3 
0.78 
3.9 
2.1 
4.3 
6.2 
SC1 FA 
0.47 
0.42 
4.4 
0.57 
1.8 
1.6 
7.2 
4.8 
SC2 FA 
1.10 
0.95 
5.2 
0.57 
2.2 
1.5 
9.7 
4.8 
SC3 FA 
2.12 
1.78 
6.3 
0.80 
3.3 
1.7 
14.2 
5.9 
SC4 FA 
2.93 
2.44 
7.4 
0.97 
4.3 
1.8 
18.1 
6.6 
SC5 FA 
3.70 
3.03 
8.6 
1.03 
5.2 
1.9 
21.5 
7.2 
SCT1 FA 
0.00 
0.02 
2.0 
0.34 
0.4 
1.5 
0.8 
3.6 
SCT2 FA 
0.14 
0.14 
3.7 
0.30 
0.9 
1.1 
4.8 
3.4 
SCT3 FA 
8.64 
6.84 
17.6 
1.50 
11.1 
2.9 
46.2 
11.8 
East Fork Tw
in Lakes Creek Sam
ples 
EFTC1 FA 
2.58 
2.23 
18.5 
0.75 
7.1 
1.8 
29.7 
4.5 
EFTC2 FA 
1.72 
1.46 
13.5 
0.65 
4.9 
1.4 
21.3 
4.2 
EFTC3 FA 
0.06 
0.07 
15.5 
0.53 
3.6 
1.3 
17.3 
3.0 
Red Fork1 FA 
5.17 
4.30 
10.6 
0.89 
7.2 
1.5 
29.2 
6.2 
W
htie Fork1 FA 
11.22 
9.34 
55.9 
1.26 
24.0 
4.8 
101 
6.4 
W
hite Fork2 FA 
12.31 
10.50 
60.5 
1.27 
26.3 
5.1 
111 
6.7 
W
hite Fork3 FA 
0.05 
0.07 
11.9 
1.65 
2.9 
1.8 
7.1 
5.3 
W
hite Fork4 FA 
16.38 
13.60 
76.4 
1.14 
33.3 
6.1 
139 
7.1 
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Table A8: M
ajor Solute Results 2015 sam
ples: East Fork Tw
in Lakes Creek 
 
Al    
Al   
Ca 
K 
M
g 
N
a 
Si 
Sulfate 
Sam
ple ID 
ICP-O
ES 
ICP-M
S 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
ICP-O
ES 
IC 
  
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
W
FTLC-01 FA 
0.0 
0.013 
12.6 
1.0 
1.5 
0.9 
2.9 
23.5 
EFTLC-00 FA 
0.0 
0.033 
11.6 
0.7 
2.9 
1.2 
3.6 
39.6 
TLC-01 FA 
0.0 
0.044 
14.8 
0.9 
2.3 
1.3 
3.9 
14.2 
EFTLC-01-B FA 
3.4 
2.92 
15.4 
0.8 
6.9 
1.7 
4.7 
27.9 
TLC-02 FA 
0.0 
0.029 
12.0 
0.8 
2.3 
1.0 
3.3 
151 
TLC 20 FA (FA-blank) 
0.0 
0.000 
N
D 
N
D 
N
D 
N
D 
0.2 
N
D 
W
hite Fork 01 FA 
10.3 
8.07 
56.5 
1.5 
24.3 
4.6 
6.3 
473 
W
hite Fork 01 FA DU
P 
10.6 
9.21 
57.2 
1.5 
24.8 
4.7 
6.3 
483 
W
hite Fork 03 FA 
0.1 
0.072 
11.8 
1.5 
2.9 
1.7 
5.3 
22.7 
W
hite Fork 04 FA 
15.9 
13.00 
72.0 
1.2 
31.9 
5.5 
6.7 
662 
W
hite Fork 05 FA 
12.9 
10.10 
62.2 
1.4 
27.2 
4.9 
6.4 
549 
  Table A9: M
ajor Solute Results 2015 sam
ples: Sullivan Creek 
 
Al   
Ca 
K 
M
g 
N
a 
Sam
ple ID 
ICP-M
S 
ICP-M
S 
ICP-M
S 
ICP-O
ES 
ICP-O
ES 
  
m
g/L 
m
g/L 
m
g/L 
m
g/L 
m
g/L 
SC-1 FA 
0.32 
3.23 
0.42 
 n.a. 
 n.a. 
SC-3 FA 
1.56 
4.85 
0.60 
 n.a. 
 n.a. 
SC-4 FA 
1.93 
4.96 
0.66 
 n.a. 
 n.a. 
SC-7 FA 
8.58 
7.71 
0.77 
 n.a. 
 n.a. 
SC-7 Dup FA 
8.27 
7.28 
0.73 
 n.a. 
 n.a. 
SC Lake FA 
0.01 
1.86 
0.36 
 n.a. 
 n.a. 
SCT-2 FA 
0.07 
2.84 
0.26 
 n.a. 
 n.a. 
SCT-3 FA 
6.97 
14.46 
1.36 
 n.a. 
 n.a. 
SCT-4 FA 
3.32 
7.73 
1.37 
 n.a. 
 n.a. 
SC-100 FA Blank 
0.00 
<0.00 
1.2 
 n.a. 
 n.a. 
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Table A9: ICP-M
S Results 2014 sam
ples 
  
7Li 
9Be 
11B 
27Al 
49Ti 
55M
n 
56Fe 
59Co 
60N
i 
63Cu 
66Zn 
71Ga 
75As 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
PQ
L 
0.5 
0.2 
0.2 
0.5 
 
2 
5 
0.5 
0.5 
1 
1 
0.5 
0.2 
Sam
ples from
 Sullivan Creek 
SC0 FA 
< 0.5 
< 0.2 
1.3 
26.7 
8.31 
8.42 
21.8 
0.4 
3.5 
< 1.0 
15 
0.7 
0.4 
SC1 FA 
2.9 
< 0.2 
1.2 
425 
4.93 
53.1 
39.6 
4.2 
15.0 
2 
65 
< 0.5 
< 0.2 
SC2 FA 
3.6 
0.2 
0.9 
950 
5.77 
83.5 
66.0 
6.6 
20.9 
4 
90 
< 0.5 
< 0.2 
SC3 FA 
5.6 
0.4 
1.0 
1780 
6.24 
140 
35.5 
11.4 
34.4 
6 
141 
< 0.5 
< 0.2 
SC4 FA 
7.5 
0.5 
1.0 
2440 
7.70 
189 
58.1 
15.2 
45.5 
8 
186 
< 0.5 
< 0.2 
SC5 FA 
8.9 
0.6 
0.9 
3030 
8.70 
244 
84.5 
19.8 
58.4 
10 
245 
< 0.5 
< 0.2 
SCT1 FA 
< 0.5 
< 0.2 
1.3 
24.2 
2.21 
< 2.0 
27.0 
< 0.5 
< 0.5 
< 1.0 
< 1.0 
< 0.5 
0.3 
SCT2 FA 
< 0.5 
< 0.2 
1.2 
144 
4.19 
24.4 
159 
1.5 
5.6 
1 
22 
< 0.5 
< 0.2 
SCT3 FA 
17.5 
1.3 
0.5 
6840 
17.2 
597 
118 
47.7 
141.7 
11 
623 
0.6 
< 0.2 
Sam
ples from
 East Fork Tw
in Lakes Creek 
EFTC1 FA 
8.6 
0.7 
1.2 
2230 
17.6 
209 
17.3 
9.6 
39.9 
16 
112 
< 0.5 
< 0.2 
EFTC2 FA 
7.4 
0.3 
1.3 
1460 
12.0 
147 
23.1 
6.1 
25.0 
6 
103 
< 0.5 
< 0.2 
EFTC3 FA 
< 0.5 
< 0.2 
1.4 
70.9 
14.1 
8.22 
< 5.0 
1.2 
11.7 
< 1.0 
34 
< 0.5 
< 0.2 
Red Fork1 FA 
16.2 
0.7 
0.9 
4300 
10.6 
379 
44.1 
14.1 
47.5 
18 
210 
< 0.5 
< 0.2 
W
hite Fork1 FA 
21.3 
3.9 
1.3 
9340 
53.0 
780 
< 5.0 
41.3 
161.7 
95 
216 
0.6 
< 0.2 
W
hite Fork2 FA 
23.1 
4.2 
1.4 
10500 
56.4 
867 
< 5.0 
46.2 
174.2 
100 
234 
0.6 
< 0.2 
W
hite Fork3 FA 
< 0.5 
< 0.2 
1.8 
74.5 
9.41 
< 2.0 
< 5.0 
< 0.5 
2.7 
< 1.0 
2 
< 0.5 
< 0.2 
W
hite Fork4 FA 
28.8 
4.9 
1.2 
13600 
64.5 
1100 
< 5.0 
59.4 
217.4 
131 
291 
0.5 
< 0.2 
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Table A9 (Continued): ICP-M
S Results 2014 sam
ples 
  
82Se 
85Rb 
88Sr 
98M
o 
105Pd 
111Cd 
133Cs 
137Ba 
139La 
140Ce 
141Pr 
146N
d 
206Pb 
238U
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
PQ
L 
0.2 
0.5 
 
0.5 
0.5 
0.2 
0.5 
 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
Sullivan Creek Sam
ples 
SC0 FA 
< 0.2 
1.6 
34.3 
0.7 
< 0.5 
< 0.2 
< 0.5 
16.3 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
SC1 FA 
< 0.2 
2.8 
25.4 
0.8 
< 0.5 
0.3 
< 0.5 
4.2 
0.4 
0.8 
< 0.2 
0.5 
< 0.2 
< 0.2 
SC2 FA 
< 0.2 
3.6 
27.5 
0.9 
< 0.5 
0.3 
< 0.5 
4.8 
0.7 
1.4 
< 0.2 
0.9 
< 0.2 
0.2 
SC3 FA 
< 0.2 
5.3 
33.6 
0.6 
< 0.5 
0.5 
< 0.5 
6.5 
1.1 
2.5 
0.4 
1.6 
< 0.2 
0.3 
SC4 FA 
< 0.2 
6.7 
33.7 
< 0.5 
< 0.5 
0.7 
< 0.5 
7.4 
1.5 
3.5 
0.5 
2.2 
< 0.2 
< 0.2 
SC5 FA 
< 0.2 
7.8 
38.6 
< 0.5 
< 0.5 
0.8 
< 0.5 
8.2 
2.0 
4.5 
0.7 
2.9 
< 0.2 
0.2 
SCT1 FA 
< 0.2 
0.5 
24.7 
2.4 
< 0.5 
< 0.2 
< 0.5 
1.5 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
0.7 
SCT2 FA 
< 0.2 
1.7 
19.5 
1.9 
< 0.5 
< 0.2 
< 0.5 
2.7 
< 0.2 
0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
SCT3 FA 
< 0.2 
13.1 
80.2 
< 0.5 
< 0.5 
1.8 
0.8 
12.6 
4.6 
10.0 
1.5 
6.3 
0.2 
0.7 
East Fork Tw
in Lakes Creek Sam
ples 
EFTC1 FA 
< 0.2 
3.9 
82.1 
3.8 
< 0.5 
0.4 
< 0.5 
8.4 
8.5 
16.2 
2.4 
9.6 
< 0.2 
1.0 
EFTC2 FA 
< 0.2 
4.2 
69.4 
4.4 
< 0.5 
0.4 
< 0.5 
8.0 
0.9 
1.7 
0.3 
1.1 
< 0.2 
0.8 
EFTC3 FA 
< 0.2 
3.1 
88.1 
8.1 
< 0.5 
0.3 
< 0.5 
8.8 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
0.8 
Red Fork1 FA 
< 0.2 
6.2 
45.1 
< 0.5 
< 0.5 
0.6 
< 0.5 
6.7 
2.1 
4.6 
0.7 
2.8 
< 0.2 
0.4 
W
hite Fork1 FA 
0.777 
2.6 
185 
0.8 
1.38 
0.6 
< 0.5 
10.7 
54.4 
110.0 
15.5 
59.6 
< 0.2 
3.8 
W
hite Fork2 FA 
0.854 
2.7 
193 
0.7 
1.54 
0.6 
< 0.5 
10.8 
59.8 
122.4 
16.9 
64.3 
< 0.2 
4.4 
W
hite Fork3 FA 
< 0.2 
0.9 
61.0 
2.9 
< 0.5 
< 0.2 
< 0.5 
7.6 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
W
hite Fork4 FA 
1.20 
3.1 
221 
< 0.5 
1.84 
0.7 
< 0.5 
9.1 
68.3 
145.3 
19.5 
73.6 
< 0.2 
6.3 
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Table A10: Trace M
etal Results 2015: East Fork Tw
in Lakes Creek 
  
7Li 
9Be 
11B 
27Al 
49Ti 
55M
n 
56Fe 
59Co 
60N
i 
63Cu 
66Zn 
71Ga 
75As 
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
 
0.5 
0.2 
0.2 
0.5 
 
2 
5 
0.5 
0.5 
1 
1 
0.5 
0.2 
 
Dissolved (filtered-acidified) sam
ples 
 
W
FTLC-01 FA 
< 0.5 
< 0.2 
4.06 
12.8 
10.1 
< 2 
< 5 
< 0.5 
< 0.5 
9.3 
5.5 
< 0.5 
0.31 
 
EFTLC-00 FA 
4.05 
< 0.2 
2.50 
33.1 
11.3 
78 
< 5 
3.2 
13.3 
1.5 
49.2 
< 0.5 
< 0.2 
 
TLC-01 FA 
< 0.5 
< 0.2 
2.16 
43.6 
12.5 
27 
< 5 
1.1 
5.7 
1.4 
16.6 
< 0.5 
0.23 
 
EFTLC-01-B FA 
10.2 
0.739 
1.37 
2924 
16.3 
278 
26 
12.2 
40.9 
17.9 
156 
< 0.5 
< 0.2 
 
TLC-02 FA 
2.49 
< 0.2 
1.79 
29.4 
11.7 
44 
< 5 
1.8 
7.4 
1.5 
24.5 
< 0.5 
0.21 
 
TLC 20 FA 
< 0.5 
< 0.2 
5.16 
0.00 
< 0.5 
< 2 
< 5 
< 0.5 
< 0.5 
< 1 
2.5 
0.00 
< 0.2 
 
W
hite Fork 01 FA 
18.5 
3.45 
1.41 
8070 
55.9 
721 
6 
37.7 
127 
83.3 
201 
0.53 
< 0.2 
 
W
hite Fork 01 FA DU
P 
20.8 
3.77 
1.46 
9210 
64.5 
799 
9 
41.4 
138 
89.7 
214 
0.53 
< 0.2 
 
W
hite Fork 03 FA 
< 0.5 
< 0.2 
1.21 
72.1 
9.90 
< 2 
< 5 
< 0.5 
2.6 
< 1 
2.0 
< 0.5 
< 0.2 
 
W
hite Fork 04 FA 
26.9 
4.32 
1.21 
13000 
77.5 
1080 
< 5 
58.0 
179 
126 
279 
< 0.5 
< 0.2 
 
W
hite Fork 05 FA 
22.0 
3.77 
1.13 
10100 
65.4 
887 
< 5 
46.5 
150 
104 
239 
< 0.5 
< 0.2 
 
Raw
 (unfiltered-acidified) sam
ples 
 
W
FTLC-01 RA 
< 0.5 
< 0.2 
1.25 
19.8 
11.4 
< 2 
10 
< 0.5 
< 0.5 
< 1 
< 1 
< 0.5 
0.35 
 
EFTLC-00 RA 
4.07 
< 0.2 
1.35 
765 
10.9 
79 
12 
3.3 
13.1 
4.6 
53.9 
< 0.5 
0.21 
 
TLC-01 RA 
< 0.5 
< 0.2 
1.70 
355 
12.6 
29 
9 
1.2 
3.0 
2.3 
23.9 
< 0.5 
0.30 
 
EFTLC-01-B RA 
10.7 
0.818 
1.28 
3110 
17.6 
292 
29 
12.6 
43.1 
19.8 
156 
< 0.5 
< 0.2 
 
TLC-02 RA 
2.35 
< 0.2 
1.34 
427 
10.3 
43 
8 
1.8 
7.2 
2.7 
28.1 
< 0.5 
0.27 
 
W
hite Fork 01 RA 
20.5 
3.77 
1.53 
9290 
62.3 
793 
9 
40.9 
137 
92.5 
215 
0.53 
< 0.2 
 
W
hite Fork 01 RA DU
P 
20.7 
3.86 
1.41 
9230 
61.4 
786 
9 
40.8 
140 
90.5 
214 
0.56 
< 0.2 
 
W
hite Fork 03 RA 
< 0.5 
< 0.2 
1.34 
74.1 
9.6 
< 2 
< 5 
< 0.5 
2.5 
< 1 
2.1 
< 0.5 
< 0.2 
 
W
hite Fork 04 RA 
27.7 
4.36 
1.23 
13400 
78.2 
1090 
< 5 
58.0 
180 
128 
278 
< 0.5 
< 0.2 
 
W
hite Fork 05 RA 
23.4 
4.04 
1.27 
11500 
69.5 
915 
< 5 
48.6 
157 
105 
244 
< 0.5 
< 0.2 
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Table A10 (Continued): Trace M
etal Results 2015: East Fork Tw
in Lakes Creek 
  
82Se 
85Rb 
88Sr 
98M
o 
105Pd 
111Cd 
133Cs 
137Ba 
139La 
140Ce 
141Pr 
146N
d 
206Pb 
238U
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
0.2 
0.5 
 
0.5 
0.5 
0.2 
0.5 
 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
Dissolved (filtered-acidified) sam
ples 
 
W
FTLC-01 FA 
< 0.2 
1.16 
32 
3.93 
< 0.5 
< 0.2 
< 0.5 
8.1 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
0.36 
< 0.2 
EFTLC-00 FA 
< 0.2 
2.28 
45 
10.5 
< 0.5 
0.22 
< 0.5 
6.3 
0.4 
0.6 
< 0.2 
0.3 
< 0.2 
< 0.2 
TLC-01 FA 
< 0.2 
1.69 
37 
8.36 
< 0.5 
< 0.2 
< 0.5 
6.6 
< 0.2 
0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
EFTLC-01-B FA 
< 0.2 
4.32 
66 
3.27 
< 0.5 
0.56 
< 0.5 
8.0 
8.4 
16.1 
2.3 
9.4 
< 0.2 
0.97 
TLC-02 FA 
< 0.2 
1.79 
40 
7.15 
< 0.5 
< 0.2 
< 0.5 
7.1 
0.3 
0.4 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
TLC 20 FA 
< 0.2 
< 0.5 
< 1 
< 0.5 
< 0.5 
< 0.2 
< 0.5 
< 1 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
W
hite Fork 01 FA 
0.91 
2.60 
184 
1.22 
1.70 
0.52 
< 0.5 
14.7 
69.1 
136.9 
19.3 
77.2 
< 0.2 
2.96 
W
F01 FA DU
P 
0.94 
2.61 
195 
1.10 
1.90 
0.57 
< 0.5 
15.0 
78.8 
157.0 
22.1 
86.8 
< 0.2 
3.43 
W
hite Fork 03 FA 
< 0.2 
0.81 
61 
2.89 
< 0.5 
< 0.2 
< 0.5 
7.9 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
W
hite Fork 04 FA 
1.13 
2.89 
221 
< 0.5 
2.32 
0.64 
0.50 
11.9 
99.0 
206.3 
28.1 
111.3 
< 0.2 
5.18 
W
hite Fork 05 FA 
1.00 
2.52 
195 
0.65 
2.04 
0.59 
< 0.5 
12.0 
84.7 
173.3 
24.1 
95.7 
< 0.2 
4.18 
Raw
 (unfiltered-acidified) sam
ples 
 
W
FTLC-01 RA 
< 0.2 
1.19 
34 
3.01 
< 0.5 
< 0.2 
< 0.5 
8.7 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
EFTLC-00 RA 
< 0.2 
2.25 
45 
9.64 
< 0.5 
0.23 
< 0.5 
6.2 
1.3 
2.6 
0.4 
1.5 
< 0.2 
0.70 
TLC-01 RA 
< 0.2 
1.72 
38 
8.02 
< 0.5 
< 0.2 
< 0.5 
6.7 
0.6 
1.1 
< 0.2 
0.7 
< 0.2 
0.45 
EFTLC-01-B RA 
< 0.2 
4.79 
68 
2.95 
< 0.5 
0.53 
< 0.5 
8.4 
9.1 
17.5 
2.5 
10.1 
0.26 
1.00 
TLC-02 RA 
< 0.2 
1.76 
39 
6.74 
< 0.5 
< 0.2 
< 0.5 
7.0 
0.7 
1.4 
0.2 
0.8 
< 0.2 
0.44 
W
hite Fork 01 RA 
0.93 
2.67 
191 
0.99 
1.86 
0.56 
< 0.5 
14.8 
77.6 
155.3 
21.7 
86.2 
0.43 
3.41 
W
F01 RA DU
P 
0.97 
2.70 
198 
0.96 
1.96 
0.60 
< 0.5 
16.5 
79.6 
158.7 
22.6 
88.9 
< 0.2 
3.42 
W
hite Fork 03 RA 
< 0.2 
0.83 
59 
2.74 
< 0.5 
< 0.2 
< 0.5 
7.9 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
W
hite Fork 04 RA 
1.15 
2.91 
222 
< 0.5 
2.40 
0.67 
0.52 
12.4 
102.9 
213.9 
29.4 
116.1 
< 0.2 
5.43 
W
hite Fork 05 RA 
1.03 
2.63 
201 
0.84 
2.16 
0.60 
< 0.5 
12.8 
90.1 
185.2 
25.7 
101.6 
< 0.2 
4.42 
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 Table A11: Trace M
etal Results 2015: Sullivan Creek 
  
7Li 
9Be 
11B 
27Al 
49Ti 
55M
n 
56Fe 
59Co 
60N
i 
63Cu 
66Zn 
71Ga 
75As 
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
 
0.5 
0.2 
0.2 
0.5 
 
2 
5 
0.5 
0.5 
1 
1 
0.5 
0.2 
 
Dissolved (filtered-acidified) sam
ples 
 
SC-1 FA 
2.12 
< 0.2 
0.70 
316 
2.01 
46 
35 
3.18 
11.2 
1.97 
50.2 
< 0.5 
0.78 
 
SC-3 FA 
4.25 
0.27 
0.58 
1560 
3.00 
122 
37 
8.70 
27.4 
5.12 
125 
< 0.5 
0.33 
 
SC-4 FA 
5.09 
0.33 
0.51 
1930 
3.11 
153 
48 
11.2 
34.3 
7.10 
156 
< 0.5 
0.22 
 
SC-7 FA 
17.5 
0.82 
0.75 
8580 
5.82 
463 
3 
43.7 
111 
35.7 
730 
0.53 
< 0.2 
 
SC-7 Dup FA 
16.5 
0.79 
0.76 
8270 
5.58 
455 
6 
42.7 
109 
35.0 
724 
0.52 
< 0.2 
 
SC Lake FA 
< 0.5 
< 0.2 
0.79 
12.0 
0.87 
2 
15 
< 0.5 
< 0.5 
< 1 
< 1 
< 0.5 
0.27 
 
SCT-2 FA 
< 0.5 
< 0.2 
0.54 
66.3 
1.25 
15 
82 
0.97 
3.82 
< 1 
15.0 
< 0.5 
< 0.2 
 
SCT-3 FA 
14.3 
1.12 
0.48 
6970 
17.1 
595 
112 
51.1 
132 
10.5 
652 
< 0.5 
< 0.2 
 
SCT-4 FA 
8.47 
0.76 
< 0.2 
3320 
4.31 
269 
45 
20.3 
64.5 
23.4 
253 
< 0.5 
< 0.2 
 
SC-100 FA 
< 0.5 
< 0.2 
4.98 
0.867 
< 0.5 
< 2 
17 
< 0.5 
< 0.5 
< 1 
< 1 
< 0.5 
< 0.2 
 
Raw
 (unfiltered-acidified) sam
ples 
 
SC-1 RA 
< 0.5 
< 0.2 
0.56 
457 
2.00 
46 
48 
3.19 
11.3 
2.13 
55.7 
< 0.5 
0.43 
 
SC-3 RA 
4.30 
0.29 
0.65 
1640 
3.02 
125 
60 
9.09 
28.5 
5.68 
129 
< 0.5 
0.30 
 
SC-4 RA 
5.67 
0.37 
0.61 
2240 
3.87 
168 
72 
12.2 
37.5 
7.84 
171 
< 0.5 
0.21 
 
SCT-2 RA 
< 0.5 
< 0.2 
< 0.2 
161 
1.31 
17 
90 
1.08 
4.14 
1.16 
15.6 
< 0.5 
< 0.2 
 
SCT-3 RA 
10.3 
0.81 
< 0.2 
4630 
14.6 
411 
204 
32.6 
94.7 
8.71 
483 
< 0.5 
0.29 
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Table A11 (Continued): Trace M
etal Results 2015: Sullivan Creek 
  
82Se 
85Rb 
88Sr 
98M
o 
105Pd 
111Cd 
133Cs 
137Ba 
139La 
140Ce 
141Pr 
146N
d 
206Pb 
238U
 
 
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
 
 
0.2 
0.5 
 
0.5 
0.5 
0.2 
0.5 
 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
 
 
 
Dissolved (filtered-acidified) sam
ples 
 
 
SC-1 FA 
< 0.2 
2.01 
19.7 
0.85 
< 0.5 
< 0.2 
< 0.5 
2.8 
0.29 
0.56 
< 0.2 
0.35 
< 0.2 
< 0.2 
 
 
SC-3 FA 
< 0.2 
3.57 
27.9 
< 0.5 
< 0.5 
0.39 
< 0.5 
4.6 
0.79 
1.77 
0.26 
1.14 
< 0.2 
< 0.2 
 
 
SC-4 FA 
< 0.2 
4.46 
25.6 
< 0.5 
< 0.5 
0.45 
< 0.5 
5.0 
1.00 
2.29 
0.33 
1.50 
< 0.2 
< 0.2 
 
 
SC-7 FA 
< 0.2 
7.11 
21.1 
< 0.5 
< 0.5 
1.43 
< 0.5 
11.9 
1.69 
4.63 
0.70 
3.08 
< 0.2 
0.46 
 
 
SC-7 Dup FA 
< 0.2 
6.90 
20.2 
< 0.5 
< 0.5 
1.35 
< 0.5 
11.2 
1.59 
4.37 
0.67 
2.98 
< 0.2 
0.44 
 
 
SC Lake FA 
< 0.2 
0.73 
9.6 
1.43 
< 0.5 
< 0.2 
< 0.5 
1.3 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
 
 
SCT-2 FA 
< 0.2 
1.24 
15.1 
1.82 
< 0.5 
< 0.2 
< 0.5 
1.8 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
 
 
SCT-3 FA 
< 0.2 
10.9 
73.3 
< 0.5 
< 0.5 
1.58 
0.69 
10.2 
4.10 
8.82 
1.29 
5.51 
< 0.2 
0.58 
 
 
SCT-4 FA 
< 0.2 
12.6 
42.5 
< 0.5 
< 0.5 
0.98 
0.61 
10.2 
2.74 
6.93 
1.03 
4.72 
< 0.2 
< 0.2 
 
 
SC-100 FA 
< 0.2 
< 0.5 
< 1 
< 0.5 
< 0.5 
< 0.2 
< 0.5 
< 1 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
 
 
 
Raw
 (unfiltered-acidified) sam
ples 
 
 
SC-1 RA 
< 0.2 
2.06 
20.6 
0.77 
< 0.5 
< 0.2 
< 0.5 
2.8 
0.31 
0.60 
< 0.2 
0.40 
< 0.2 
< 0.2 
 
 
SC-3 RA 
< 0.2 
3.67 
28.6 
< 0.5 
< 0.5 
0.40 
< 0.5 
4.9 
0.83 
1.88 
0.28 
1.23 
< 0.2 
0.21 
 
 
SC-4 RA 
< 0.2 
4.63 
27.2 
< 0.5 
< 0.5 
0.52 
< 0.5 
5.7 
1.15 
2.67 
0.40 
1.70 
< 0.2 
< 0.2 
 
 
SCT-2 RA 
< 0.2 
1.32 
16.4 
2.06 
< 0.5 
< 0.2 
< 0.5 
2.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
 
 
SCT-3 RA 
< 0.2 
9.26 
56.6 
< 0.5 
< 0.5 
1.11 
0.57 
7.0 
2.59 
5.63 
0.85 
3.65 
0.24 
0.48 
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 Table A12: ICP-M
S Results for M
isc. Sam
ples in East Fork Tw
in Lakes Creek, 2015  
  
7Li 
9Be 
11B 
27Al 
K 
Ca 
49Ti 
55M
n 
56Fe 
59Co 
60N
i 
63Cu 
66Zn 
71Ga 
75As 
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
 
0.5 
0.2 
0.2 
0.5 
 
 
 
2 
5 
0.5 
0.5 
1 
1 
0.5 
0.2 
 
 
Sam
ples collected July 09, 2015 
M
outh Red Fork RA 
40.5 
0.8 
< 0.2 
5920 
1104 
1.4E+04 
55.6 
556 
45 
35.1 
74.0 
26.9 
278 
0.55 
< 0.2 
 
U
pper E. Fork RA 
4.0 
< 0.2 
< 0.2 
155 
614 
1.2E+04 
46.6 
16 
16 
2.2 
11.3 
1.3 
36.3 
0.52 
< 0.2 
 
Lake of Isle RA 
< 0.5 
< 0.2 
< 0.2 
26.0 
286 
5.3E+03 
18.8 
3 
8 
< 0.5 
< 0.5 
1.0 
< 1 
< 0.5 
0.65 
 
N
E fork RA 
3.8 
< 0.2 
< 0.2 
48.2 
1144 
1.7E+04 
58.5 
2 
17 
< 0.5 
< 0.5 
< 1 
< 1 
< 0.5 
0.40 
 
EFTLC Stop 8 RA 
10.3 
0.3 
< 0.2 
1140 
775 
1.5E+04 
55.7 
111 
28 
7.8 
19.8 
7.9 
62.7 
0.51 
0.32 
 
EFTLC Stop 8 FA 
10.8 
< 0.2 
< 0.2 
103 
793 
1.6E+04 
55.5 
109 
< 5 
7.6 
19.4 
1.9 
48.0 
0.51 
< 0.2 
 
 
Sam
ples collected August 30, 2015 
Red Fork Source FA 
56.3 
2.0 
5.5 
18700 
1652 
2.6E+04 
26.5 
1800 
< 5 
53.4 
203 
51.7 
944 
< 0.5 
< 0.2 
 
W
hite Fk Source FA 
31.2 
5.2 
10.0 
17000 
1483 
7.3E+04 
71.7 
1294 
< 5 
62.8 
239 
129 
346 
0.67 
< 0.2 
 
Rock Glacier 3 FA 
28.8 
0.8 
10.4 
7920 
1256 
1.5E+04 
14.8 
802 
68 
25.5 
91.7 
21.5 
418 
< 0.5 
< 0.2 
 
Stop 4 S. Trib FA 
34.2 
1.0 
9.7 
9760 
1466 
1.9E+04 
21.5 
1100 
187 
37.1 
122 
27.9 
549 
0.59 
< 0.2 
 
Rock Glacier 2 FA 
25.0 
1.1 
8.7 
10700 
952 
3.2E+04 
33.1 
810 
7 
58.5 
173 
49.0 
247 
0.61 
< 0.2 
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 Table A12 (continued): ICP-M
S Results for M
isc. Sam
ples in East Fork Tw
in Lakes Creek, 2015  
  
82Se 
85Rb 
88Sr 
98M
o 
105Pd 
111Cd 
133Cs 
137Ba 
139La 
140Ce 
141Pr 
146N
d 
206Pb 
238U
 
 
 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
μg/L 
 
 
0.2 
0.5 
 
0.5 
0.5 
0.2 
0.5 
 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
 
 
Sam
ples collected July 09, 2015 
M
outh Red Fork RA 
< 0.2 
11.5 
54 
< 0.5 
< 0.5 
0.81 
0.60 
10.64 
3.85 
8.73 
1.20 
3.54 
0.51 
0.78 
 
U
pper E. Fork RA 
< 0.2 
4.6 
61 
6.79 
< 0.5 
0.26 
< 0.5 
9.72 
0.28 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
1.31 
 
Lake of Isle RA 
< 0.2 
0.9 
54 
10.5 
< 0.5 
< 0.2 
< 0.5 
6.74 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
2.06 
 
N
E fork RA 
< 0.2 
1.0 
64 
19.4 
< 0.5 
< 0.2 
< 0.5 
7.71 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
< 0.2 
4.64 
 
EFTLC Stop 8 RA 
< 0.2 
3.9 
53 
8.52 
< 0.5 
0.22 
< 0.5 
9.57 
4.08 
7.79 
1.12 
3.01 
< 0.2 
1.79 
 
EFTLC Stop 8 FA 
< 0.2 
3.9 
53 
8.50 
< 0.5 
0.22 
< 0.5 
9.55 
0.81 
0.95 
< 0.2 
0.27 
< 0.2 
0.36 
 
 
Sam
ples collected August 30, 2015 
Red Fork Source FA 
< 0.2 
15.2 
122 
< 0.5 
< 0.5 
1.88 
0.72 
8.89 
4.04 
10.73 
1.61 
7.64 
< 0.2 
2.22 
 
W
hite Fk Source FA 
1.23 
3.6 
270 
< 0.5 
1.43 
0.78 
< 0.5 
10.7 
85.3 
171 
24.7 
96.8 
< 0.2 
5.54 
 
Rock Glacier 3 FA 
< 0.2 
8.6 
72 
< 0.5 
< 0.5 
0.96 
< 0.5 
7.60 
2.80 
6.45 
0.98 
4.16 
< 0.2 
0.54 
 
Stop 4 S. Trib FA 
< 0.2 
10.6 
92 
< 0.5 
< 0.5 
1.24 
< 0.5 
10.9 
3.19 
7.64 
1.09 
4.84 
0.26 
0.66 
 
Rock Glacier 2 FA 
0.66 
4.7 
142 
< 0.5 
0.65 
0.86 
< 0.5 
9.88 
46.1 
98.2 
12.4 
45.8 
1.09 
0.86 
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Table A13: Water isotope results 
Sampling Date Field ID δ18O δ2H 
8/8/2015 Red Fork Source -16.8 -127 
8/8/2015 Stop 8 -17.2 -130 
7/5/2015 WFTLC -17.2 -132 
8/2/2015 SCT-2 -17.1 -129 
8/8/2015 W Trib Source -17.2 -131 
7/5/2015 W Fork Clean Spring -18.3 -141 
7/5/2015 W Fork Source -17.7 -134 
8/8/2015 Clean Spring -18.5 -142 
7/5/2015 White Fork 01 -17.1 -133 
8/8/2015 Red Fork Spring 3 -17.0 -128 
8/8/2015 Rock Glacier Spring #2 -17.0 -129 
7/5/2015 EFTLC-1 -17.1 -129 
8/2/2015 SCT-3 -18.0 -137 
8/8/2015 W Trib Source Dup -17.2 -131 
7/5/2015 EFTLC-00 -17.1 -130 
8/2/2015 SC-1 -17.4 -132 
8/8/2015 Stop 4Trib -16.7 -127 
8/2/2015 SC-3 -16.8 -129 
 
           
            
            
            
Table A14: Sulfate isotope results            
Date sampled Sample ID δ34S-sulfate δ18O-sulfate 
8/8/2015 Red Trib source 8.2 -5.7 
8/2/2015 SC Trib3 10.3 -3.8 
8/2/2015 SC-3 10.1 -3.3 
8/2/2015 SC-7   9.5 -3.7 
8/8/2015 White Fork source 10.0 -6.1 
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Table A15:  pXRF data for ferricretes and in-stream
 precipitates from
 Sullivan Creek 
SAM
PLE 
Type 
M
o 
Zr 
Sr 
U
 
Rb 
Th 
Pb 
As 
Zn 
W
 
Cu 
N
i 
Co 
Fe 
M
n 
Cr 
SC1a 
ISP 
3 
42 
2 
N
D 
19 
N
D 
8 
9 
28 
N
D 
31 
49 
N
D 
1.8E+04 
129 
52 
SC1b 
ISP 
3 
81 
772 
N
D 
37 
4 
31 
6 
52 
N
D 
31 
45 
N
D 
3.6E+03 
216 
N
D 
SC1c 
ISP 
6 
172 
27 
N
D 
75 
7 
24 
12 
142 
54 
79 
97 
211 
6.4E+04 
448 
74 
SC1 average 
4 
98 
267 
N
D 
44 
5 
21 
9 
74 
54 
47 
64 
211 
2.8E+04 
264 
63 
SC2a 
ISP 
23 
232 
22 
N
D 
38 
5 
24 
26 
55 
N
D 
87 
29 
122 
1.5E+04 
167 
24 
SC2b 
ISP 
7 
98 
6 
N
D 
27 
N
D 
6 
7 
31 
N
D 
28 
55 
N
D 
1.6E+04 
243 
42 
SC2c 
ISP 
7 
202 
383 
N
D 
59 
17 
18 
67 
63 
N
D 
31 
68 
74 
4.7E+03 
235 
17 
SC2 average 
12 
177 
137 
N
D 
  
11 
16 
33 
49 
N
D 
48 
51 
98 
1.1E+04 
215 
28 
SC-T2A 
ISP 
12 
306 
64 
N
D 
49 
16 
24 
15 
314 
N
D 
49 
56 
228 
3.4E+04 
643 
77 
SC-T2B 
ISP 
6 
116 
49 
N
D 
42 
5 
47 
12 
423 
N
D 
69 
65 
N
D 
2.0E+04 
214 
29 
SC-T2C 
ISP 
6 
148 
347 
N
D 
61 
17 
20 
21 
71 
N
D 
32 
80 
114 
1.8E+04 
206 
17 
South Fork average 
8 
190 
153 
N
D 
  
12 
31 
16 
269 
N
D 
50 
67 
171 
2.4E+04 
354 
41 
SC3A 
ISP 
17 
248 
39 
13 
54 
13 
23 
107 
136 
36 
77 
81 
512 
2.6E+04 
342 
55 
SC3b 
ISP 
11 
249 
59 
8 
19 
4 
7 
57 
57 
N
D 
39 
77 
103 
5.6E+03 
603 
39 
SC3c 
ISP 
16 
293 
156 
9 
53 
7 
34 
91 
125 
46 
63 
69 
688 
4.0E+04 
325 
55 
SC3 average 
15 
263 
84 
10 
42 
8 
21 
85 
106 
41 
60 
76 
435 
2.4E+04 
424 
50 
SC4  
Ferricrete 
9 
71 
48 
52 
44 
224 
325 
N
D 
156 
N
D 
108 
N
D 
N
D 
2.5E+05 
N
D 
166 
SC4  
ISP 
28 
193 
689 
N
D 
68 
N
D 
35 
34 
42 
N
D 
81 
144 
N
D 
7.7E+04 
252 
179 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SC5 
Ferricrete 
18 
88 
42 
35 
44 
191 
290 
N
D 
132 
N
D 
195 
158 
N
D 
2.4E+05 
259 
224 
SC5 
Ferricrete 
5 
71 
32 
N
D 
20 
N
D 
31 
N
D 
105 
N
D 
141 
165 
N
D 
2.9E+05 
211 
282 
SC5 frcrete average 
12 
80 
37 
35 
32 
191 
161 
N
D 
119 
N
D 
168 
162 
N
D 
2.7E+04 
235 
253 
SC5 ISP1 
ISP 
60 
104 
164 
N
D 
9 
N
D 
19 
63 
45 
N
D 
66 
N
D 
N
D 
1.3E+05 
487 
225 
SC5ISP2 
ISP 
112 
26 
6 
12 
5 
N
D 
23 
258 
26 
N
D 
94 
N
D 
1607 
2.3E+05 
N
D 
246 
SC5 ISP average 
86 
65 
85 
12 
7 
N
D 
21 
160 
35 
N
D 
80 
N
D 
1607 
1.8E+04 
487 
235 
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  Table A15 (cont.):  pXRF data for ferricretes and in-stream
 precipitates from
 Sullivan Creek 
V 
Ti 
Ca 
K 
S 
Ba 
Cs 
Te 
Sb 
Sn 
Cd 
Ce 
La 
Bi 
Al 
P 
Si 
Cl 
Bal 
15 
339 
N
D 
2267 
35655 
494 
124 
247 
63 
44 
22 
195 
206 
N
D 
9.1E+04 
1670 
2.7E+04 
N
D 
8.2E+05 
14 
313 
1764 
4336 
42710 
1885 
152 
210 
74 
36 
30 
213 
253 
N
D 
1.1E+05 
2298 
2.3E+04 
N
D 
8.1E+05 
68 
2479 
799 
11888 
42515 
831 
115 
155 
45 
28 
26 
435 
389 
12 
1.9E+05 
4324 
5.9E+04 
N
D 
6.2E+05 
32 
1044 
1281 
6164 
40293 
1070 
130 
204 
61 
36 
26 
281 
283 
12 
1.3E+05 
2764 
36449 
N
D 
7.5e+05 
27 
361 
124 
1608 
68548 
673 
105 
128 
55 
27 
19 
302 
329 
8 
1.4E+05 
2264 
2.0E+04 
N
D 
7.6E+05 
29 
599 
161 
2537 
62995 
623 
150 
239 
74 
36 
27 
347 
334 
N
D 
1.4E+05 
1438 
2.2E+04 
N
D 
7.6E+05 
24 
483 
2255 
6977 
69884 
1329 
110 
154 
42 
18 
N
D 
331 
300 
25 
1.7E+05 
3857 
3.1E+04 
N
D 
7.1E+05 
27 
481 
847 
3707 
67142 
875 
122 
174 
57 
27 
23 
327 
321 
16 
1.5E+05 
2519 
24648 
N
D 
7.4e+05 
70 
2808 
525 
13452 
65454 
769 
130 
182 
55 
31 
22 
489 
451 
22 
1.5E+05 
1945 
4.3E+04 
N
D 
6.8E+05 
16 
405 
191 
2251 
65485 
712 
128 
240 
66 
35 
26 
273 
203 
6 
1.2E+05 
1417 
1.9E+04 
N
D 
7.7E+05 
33 
1947 
395 
11595 
58048 
1287 
108 
113 
48 
26 
N
D 
395 
393 
20 
1.5E+05 
1453 
7.4E+04 
N
D 
6.8E+05 
40 
1720 
370 
9099 
62996 
922 
122 
178 
56 
31 
24 
386 
349 
16 
1.4E+05 
1605 
45223 
N
D 
7.1e+05 
41 
655 
122 
1589 
46538 
716 
95 
104 
27 
19 
N
D 
436 
388 
17 
2.3E+05 
2023 
5.4E+04 
N
D 
6.4E+05 
35 
741 
1309 
1803 
51368 
446 
94 
130 
43 
20 
N
D 
N
D 
337 
N
D 
2.2E+05 
1604 
5.1E+04 
N
D 
6.7E+05 
49 
886 
207 
2108 
42190 
734 
78 
89 
29 
N
D 
N
D 
311 
342 
10 
1.7E+05 
1271 
3.7E+04 
N
D 
7.1E+05 
42 
761 
546 
1833 
46699 
632 
89 
108 
33 
20 
N
D 
350 
356 
14 
2.0E+05 
1632 
47215 
N
D 
6.7e+05 
90 
377 
721 
2679 
1775 
553 
378 
664 
N
D 
N
D 
N
D 
303 
325 
191 
7.7E+03 
777 
2.8E+04 
263 
7.1E+05 
144 
282 
1117 
1430 
8601 
985 
83 
137 
45 
N
D 
N
D 
294 
298 
8 
2.6E+03 
546 
7.2E+03 
179 
8.9E+05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
150 
855 
722 
3984 
4446 
496 
151 
239 
N
D 
N
D 
N
D 
314 
368 
160 
1.7E+04 
1149 
3.2E+04 
287 
6.9E+05 
N
D 
552 
1387 
5051 
2426 
790 
244 
368 
N
D 
N
D 
N
D 
794 
731 
N
D 
1.3E+04 
728 
3.7E+04 
243 
6.5E+05 
150 
703 
1055 
4518 
3436 
643 
198 
304 
N
D 
N
D 
N
D 
554 
549 
160 
15373 
938 
34235 
265 
6.7e+05 
198 
1383 
3672 
1176 
9690 
281 
189 
317 
N
D 
N
D 
N
D 
362 
299 
N
D 
4.5E+03 
560 
5.4E+03 
101 
8.4E+05 
133 
N
D 
N
D 
512 
8828 
1133 
196 
232 
N
D 
N
D 
N
D 
669 
758 
N
D 
5.2E+03 
430 
2.9E+03 
242 
7.5E+05 
166 
1383 
3672 
844 
9259 
707 
192 
275 
N
D 
N
D 
N
D 
516 
529 
N
D 
4848 
495 
4169 
172 
7.9e+05 
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Table 16:  pXRF data of m
ineral crusts from
 East Fork Tw
in Lakes Creek collected on 7/5/2015 
 
SAM
PLE 
LO
CATIO
N 
M
o 
Zr 
Sr 
U
 
Rb 
Pb 
As 
Zn 
W
 
Cu 
N
i 
Co 
Fe 
M
n 
7/5/2015 
Rock 1 
EFTLC -1 
33 
61 
581 
23 
32 
16 
24 
57 
N
D 
99 
N
D 
502 
1.8E+04 
283 
7/5/2015 
Rock 1 
" 
18 
37 
682 
13 
23 
14 
11 
98 
45 
98 
56 
801 
3.0E+04 
464 
7/5/2015 
Rock 2 
" 
26 
133 
410 
19 
18 
10 
43 
52 
N
D 
72 
N
D 
251 
5.9E+03 
99 
7/5/2015 
Rock 2 
" 
20 
133 
813 
16 
13 
18 
42 
87 
35 
86 
38 
208 
1.1E+04 
186 
7/5/2015 
Rock 3 
" 
10 
46 
667 
N
D 
17 
12 
27 
117 
41 
98 
100 
463 
4.7E+04 
820 
7/5/2015 
Rock 3 
" 
51 
42 
514 
30 
28 
18 
67 
147 
36 
137 
52 
507 
1.3E+04 
293 
 
average EFTLC-1 
26 
75 
611 
20 
22 
15 
36 
93 
39 
98 
62 
455 
2.1E+04 
358 
7/5/2015 
Rock 1 
Source of 
W
hite Fork 
8 
46 
222 
18 
23 
14 
11 
24 
36 
137 
39 
69 
5.8E+02 
86 
7/5/2015 
Rock 1 
" 
11 
67 
331 
7 
39 
16 
31 
137 
N
D 
211 
129 
209 
5.9E+03 
2398 
7/5/2015 
Rock 2 
" 
24 
19 
186 
19 
25 
8 
17 
56 
26 
180 
28 
194 
1.8E+03 
194 
7/5/2015 
Rock 2 
" 
13 
37 
669 
N
D 
41 
21 
26 
414 
43 
380 
216 
465 
5.3E+04 
5764 
7/5/2015 
Rock 3 
" 
20 
79 
130 
12 
40 
10 
19 
69 
37 
163 
67 
251 
2.0E+03 
312 
 
average W
hite Fork 1 
 
 
 
 
 
14 
21 
140 
35 
214 
96 
238 
1.3E+04 
1751 
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Table A16 (continued):  pXRF data of m
ineral crusts from
 East Fork Tw
in Lakes Creek collected on 7/5/2015 
 
SAM
PLE 
LO
CATIO
N 
Cr 
V 
Ti 
Ca 
K 
S 
Ba 
Ce 
La 
Al 
P 
Si 
Bal 
7/5/2015 
Rock 1 
EFTLC -1 
N
D 
40 
149 
989 
N
D 
1.3E+05 
547 
290 
336 
2.1E+05 
1245 
3.2E+04 
6.2E+05 
7/5/2015 
Rock 1 
" 
65 
71 
354 
1360 
N
D 
1.2E+05 
691 
336 
327 
2.2E+05 
1934 
2.5E+04 
6.0E+05 
7/5/2015 
Rock 2 
" 
12 
9 
104 
27 
1005 
8.0E+04 
539 
232 
242 
1.1E+05 
N
D 
2.3E+04 
7.7E+05 
7/5/2015 
Rock 2 
" 
12 
14 
206 
1082 
1134 
8.6E+04 
508 
297 
314 
1.5E+05 
N
D 
2.9E+04 
7.2E+05 
7/5/2015 
Rock 3 
" 
105 
74 
1851 
19218 
4438 
9.4E+04 
822 
404 
377 
1.9E+05 
N
D 
3.9E+04 
6.0E+05 
7/5/2015 
Rock 3 
" 
32 
15 
57 
1032 
926 
1.2E+05 
669 
323 
288 
2.1E+05 
726 
3.0E+04 
6.2E+05 
 
average EFTLC-1 
45 
37 
37 
3951 
1876 
1.0e+05 
630 
314 
314 
1.8E+05 
1302 
3.0E+04 
6.5E+05 
7/5/2015 
Rock 1 
Source of 
W
hite Fork 
17 
14 
N
D 
85 
912 
1.0E+05 
734 
202 
229 
1.2E+05 
1237 
1.8E+04 
7.6E+05 
7/5/2015 
Rock 1 
" 
61 
37 
189 
1322 
2004 
1.3E+04 
561 
215 
222 
2.3E+04 
N
D 
2.1E+04 
9.3E+05 
7/5/2015 
Rock 2 
" 
N
D 
16 
N
D 
102 
1078 
5.4E+04 
251 
162 
150 
4.6E+04 
643 
1.2E+04 
8.8E+05 
7/5/2015 
Rock 2 
" 
87 
100 
1835 
14566 
4038 
2.1E+04 
919 
415 
451 
8.2E+04 
N
D 
6.1E+04 
7.5E+05 
7/5/2015 
Rock 3 
" 
27 
17 
N
D 
62 
987 
9.0E+04 
1293 
194 
163 
9.1E+04 
773 
1.6E+04 
8.0E+05 
 
average W
hite Fork 1 
48 
37 
1012 
3227 
1804 
5.6E+04 
752 
238 
243 
7.2E+04 
884 
2.6E+04 
8.2E+05 
 
 
75
Table A17:  pXRF of m
ineral crusts sam
pled on 7/9/2015 from
 E. Fork Tw
in Lakes Creek 
Date 
SAM
PLE 
  
M
o 
Zr 
Sr 
U
 
Rb 
Pb 
As 
Zn 
Cu 
N
i 
Co 
Fe 
M
n 
7/9/2015 
Stop 1 w
hite crusts 
23 
55 
427 
16 
43 
28 
487 
64 
68 
N
D 
217 
5.3E+03 
195 
7/9/2015 
Stop 1 w
hite crusts 
15 
48 
403 
12 
35 
24 
53 
61 
36 
N
D 
79 
1.0E+04 
258 
7/9/2015 
Stop 1 w
hite crusts 
19 
50 
568 
N
D 
82 
15 
75 
81 
60 
64 
N
D 
1.2E+04 
134 
7/9/2015 
Stop 1 w
hite crusts 
11 
55 
351 
13 
36 
19 
473 
71 
66 
N
D 
103 
9.5E+03 
277 
 
average stop 1 
17 
52 
437 
14 
49 
21 
272 
69 
57 
64 
133 
9.1E+03 
216 
7/9/2015 
Stop 2 w
hite crusts 
33 
139 
393 
21 
63 
29 
184 
177 
135 
73 
421 
1.2E+04 
696 
7/9/2015 
Stop 2 w
hite crusts 
15 
86 
477 
18 
36 
31 
78 
61 
79 
56 
96 
3.3E+03 
343 
7/9/2015 
Stop 2 w
hite crusts 
22 
75 
488 
36 
29 
24 
141 
80 
83 
46 
83 
5.0E+03 
135 
 
average stop 2 
20 
76 
452 
20 
49 
26 
168 
97 
89 
60 
183 
7.4E+03 
348 
7/9/2015 
Stop 3 w
hite crusts 
20 
96 
464 
N
D 
38 
N
D 
45 
74 
68 
75 
N
D 
4.5E+03 
N
D 
7/9/2015 
Stop 3 w
hite crusts 
18 
97 
633 
17 
62 
24 
29 
139 
78 
75 
164 
5.6E+03 
483 
7/9/2015 
Stop 3 w
hite crusts 
36 
115 
15 
28 
51 
18 
128 
216 
126 
66 
309 
4.5E+03 
529 
7/9/2015 
Stop 3 w
hite crusts 
15 
81 
18 
11 
54 
6 
218 
65 
59 
57 
97 
4.5E+03 
199 
 
average stop 3 
22 
90 
345 
23 
47 
16 
105 
124 
83 
68 
190 
4.8E+03 
404 
7/9/2015 
Stop 5 w
hite crusts 
7 
94 
40 
10 
25 
12 
25 
55 
55 
66 
N
D 
3.1E+03 
195 
7/9/2015 
Stop 5 w
hite crusts 
12 
95 
631 
11 
45 
22 
15 
70 
61 
62 
N
D 
5.6E+03 
244 
7/9/2015 
Stop 5 w
hite crusts 
10 
63 
397 
13 
33 
18 
24 
66 
63 
55 
N
D 
3.5E+03 
255 
 
average stop 5 
17 
90 
241 
16 
42 
17 
42 
78 
65 
63 
190 
4.2E+03 
275 
7/9/2015 
Stop 7 w
hite crusts 
7 
47 
275 
N
D 
74 
24 
35 
295 
212 
77 
118 
6.5E+03 
284 
7/9/2015 
Stop 7 w
hite crusts 
10 
185 
46 
18 
66 
11 
39 
263 
197 
66 
314 
1.8E+04 
297 
7/9/2015 
Stop 7 w
hite crusts 
4 
123 
27 
26 
31 
11 
57 
300 
259 
54 
N
D 
5.1E+03 
236 
 
average stop 7 
10 
101 
270 
17 
49 
16 
43 
234 
183 
65 
207 
8.5E+03 
273 
7/9/2015 
Stop 8 w
hite crust 
9 
140 
446 
16 
72 
41 
222 
689 
246 
122 
352 
3.0E+04 
772 
7/9/2015 
Stop 8 w
hite/black m
ix 
10 
72 
655 
20 
25 
29 
133 
1285 
241 
255 
424 
1.9E+04 
16756 
7/9/2015 
Stop 8: w
hite crust 
5 
217 
47 
20 
24 
25 
147 
343 
159 
72 
176 
1.6E+04 
360 
7/9/2015 
Stop 8 black crusts 
29 
370 
106 
N
D 
33 
26 
23 
2306 
260 
592 
912 
2.6E+04 
29954 
7/9/2015 
Stop 8 black crusts 
23 
243 
49 
N
D 
66 
15 
18 
1615 
204 
369 
498 
2.7E+04 
17993 
 
avg Stop 8 w
hite:  
14 
190 
262 
18 
45 
33 
185 
516 
202 
97 
264 
2.3E+04 
566 
 
avg Stop 8 black:  
26 
307 
78 
 
49 
21 
21 
1961 
232 
480 
705 
2.7E+04 
24000 
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Table A17 (Continued):   pXRF data for m
ineral crusts sam
pled on 7/9/2015 from
 E. Fork Tw
in Lakes Creek 
Date 
SAM
PLE 
  
Cr 
V 
Ti 
Ca 
K 
S 
Ba 
Ce 
La 
Al 
P 
Si 
Bal 
7/9/2015 
Stop 1 w
hite crusts 
23 
20 
22 
208 
287 
1277 
8.3E+04 
1045 
298 
292 
1.3E+05 
780 
1.6E+04 
7/9/2015 
Stop 1 w
hite crusts 
15 
N
D 
N
D 
480 
2606 
3253 
6.6E+04 
804 
163 
169 
1.0E+05 
850 
1.8E+04 
7/9/2015 
Stop 1 w
hite crusts 
19 
43 
24 
187 
820 
1470 
4.5E+04 
646 
261 
201 
6.0E+04 
680 
1.5E+04 
7/9/2015 
Stop 1 w
hite crusts 
11 
N
D 
43 
445 
1291 
1088 
6.3E+04 
594 
197 
200 
9.6E+04 
1315 
1.4E+04 
 
average stop 1 
17 
 
 
 
1251 
1772 
6.4E+04 
772 
230 
216 
9.9E+04 
906 
1.6E+04 
7/9/2015 
Stop 2 w
hite crusts 
33 
N
D 
15 
99 
271 
N
D 
5.3E+04 
605 
171 
149 
9.1E+04 
597 
9.8E+03 
7/9/2015 
Stop 2 w
hite crusts 
15 
N
D 
36 
63 
614 
451 
8.9E+04 
1128 
253 
280 
1.4E+05 
N
D 
1.5E+04 
7/9/2015 
Stop 2 w
hite crusts 
22 
N
D 
N
D 
105 
778 
N
D 
9.5E+04 
1475 
181 
303 
1.7E+05 
877 
1.7E+04 
 
average stop 2 
20 
 
 
 
729 
1112 
7.5E+04 
995 
209 
237 
1.3E+05 
793 
1.5E+04 
7/9/2015 
Stop 3 w
hite crusts 
20 
N
D 
N
D 
N
D 
 
 
 
 
 
 
 
 
 
7/9/2015 
Stop 3 w
hite crusts 
18 
N
D 
17 
110 
784 
2052 
1.0E+05 
914 
291 
320 
1.7E+05 
816 
1.5E+04 
7/9/2015 
Stop 3 w
hite crusts 
36 
24 
16 
89 
155 
1016 
9.4E+04 
759 
302 
269 
1.3E+05 
N
D 
1.4E+04 
7/9/2015 
Stop 3 w
hite crusts 
15 
N
D 
28 
101 
776 
N
D 
1.0E+05 
655 
317 
331 
1.9E+05 
866 
1.6E+04 
 
average stop 3 
22 
 
 
 
572 
1534 
1.0E+05 
776 
304 
307 
1.6E+05 
841 
1.5E+04 
7/9/2015 
Stop 5 w
hite crusts 
7 
34 
34 
400 
852 
6556 
7.3E+04 
729 
390 
280 
1.6E+05 
960 
2.7E+04 
7/9/2015 
Stop 5 w
hite crusts 
12 
N
D 
43 
590 
2620 
3636 
7.9E+04 
1074 
322 
277 
1.8E+05 
N
D 
4.1E+04 
7/9/2015 
Stop 5 w
hite crusts 
10 
24 
32 
206 
943 
1886 
5.8E+04 
1110 
222 
223 
1.2E+05 
959 
2.3E+04 
 
average stop 5 
17 
 
 
 
1247 
3403 
7.8E+04 
922 
309 
272 
1.6E+05 
920 
2.7E+04 
7/9/2015 
Stop 7 w
hite crusts 
7 
N
D 
59 
134 
2552 
882 
1.6E+04 
1042 
254 
287 
1.2E+05 
665 
4.9E+04 
7/9/2015 
Stop 7 w
hite crusts 
10 
57 
86 
422 
1624 
2534 
1.9E+04 
1506 
356 
305 
1.8E+05 
1373 
7.0E+04 
7/9/2015 
Stop 7 w
hite crusts 
4 
144 
70 
N
D 
1572 
2063 
1.7E+04 
597 
290 
279 
2.0E+05 
740 
8.0E+04 
 
average stop 7 
10 
 
 
 
1749 
2220 
3.2E+04 
1017 
302 
286 
1.7E+05 
925 
5.6E+04 
7/9/2015 
Stop 8 w
hite crust 
9 
91 
63 
211 
1856 
1529 
7.7E+03 
1291 
324 
310 
1.8E+05 
1234 
9.6E+04 
7/9/2015 
Stop 8 w
hite/black m
ix 
10 
114 
68 
N
D 
3677 
2339 
6.7E+03 
1090 
315 
194 
9.2E+04 
2819 
5.7E+04 
7/9/2015 
Stop 8: w
hite crust 
5 
97 
56 
120 
1446 
1191 
1.0E+04 
490 
268 
308 
2.2E+05 
1385 
1.2E+05 
7/9/2015 
Stop 8 black crusts 
29 
198 
135 
1301 
5877 
6532 
2.6E+03 
786 
428 
407 
4.8E+04 
N
D 
6.8E+04 
7/9/2015 
Stop 8 black crusts 
23 
145 
87 
650 
3740 
10650 
1.6E+03 
947 
301 
288 
7.0E+03 
N
D 
1.1E+04 
 
avg Stop 8 w
hite:  
14 
94 
 
 
1651 
1360 
9.1E+03 
890 
296 
309 
2.0E+05 
1309 
1.1E+05 
 
avg Stop 8 black:  
26 
172 
 
 
4808 
8591 
2.1E+03 
866 
364 
348 
2.7E+04 
  
3.9E+04 
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Following taken EFTLC 8/30/2014 
 
Figure 1B: some of the white precipitates forming in the East Fork Twin Lakes Creek. 
 
 
Figure 2B:  White precipitates in White Fork of EFTLC at site WF2. 
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Figure 3B: The silvery film on the bottom of a small pond on the White Fork EFTLC, there were no samples taken of this 
film for analysis. 
 
 
Figure 4B: White Fork close up at white precipitates in the stream. 
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Figure 5B:  White Fork at the intersection with EFTLC where sample WF1 was taken. 
 
 
Figure 6B:  View looking upstream of the mouth of Red Fork on EFTLC. 
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Figure 7B: A view of what the Red Fork looks like, narrow with a tinge of orange. 
 
 
Figure 8B: Another view of the Red Fork on EFTLC. 
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Figure 9B: EFTLC just downstream of the Red Fork confluence. 
 
 
 
Figure 10B: Stream channel of EFTLC both wet and dry precipitates on the rocks upstream of EFTLC-1. 
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Figure 11B: View from the EFTLC side of Mount Evans with the limonitic staining and a clear contact zone. 
 
 
Figure 12B:  Waterfall just upstream of EFTLC-1 (shown in the photo below) and the confluence of the White Fork. 
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Figure 13B: Stream cross section (lower left) and the rocks overturned to create a more uniform flow. 
 
 
Figures 14B: White precipitates in EFTLC going downstream from EFTLC-1. 
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Figure 15B: Boggy area surrounding EFTLC-1 and the confluence of the White Fork. 
 
 
Figure 16B:  The outlet of the rock glacier with moss and the hydrolab taking parameters.  Notice there are no white 
precipitates in this water, or on the surrounding rocks. 
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Figure 17B:  A view of the adjoining creeks from the spring source to the right, the left is from the rock glacier.  Some 
water has mixed prior to this confluence which is why there are precipitates on the right. 
 
 
Figure 18B: More veiws of the White Fork near WF-2. 
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EFTLC 7/5/2015 
 
 
Figure 19B:  Three samples with marks where pXRF was used to scan element compositions. 
 
 
Figure 20B:  Dr. Chris Gammons doing Marsh McBirney measurements at EFTLC-1. 
88
 
Figure 21B:  Rocks on the side of the trail hiking in appear to also have limonitic staining and presence of sulfides. 
 
 
Figure 22B:  Alero taking water samples on the West Fork of TLC, using the filter syringe.  This stream has no visible 
precipitates. 
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Figure 23B:  The confluence of the West and East Forks of TLC. 
 
 
 
Figure 24B:  View downstream after confluence of the two forks of TLC. 
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Figure 25B:  The talus slope covering the theoried rock glacier and the source of the White Fork of EFTLC. 
 
 
Figure 26B:  The precipitates after spring and rock glacier waters have mixed, there was an orange slimy film on top of 
the white precpitates. 
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Figure 27B:  Another view of the confluence of the spring and rock glacier waters, the rock glacier has more algea green. 
 
 
Sullivan Creek 10/4/2014 
 
 
Figure 28B: Looking down stream of sample site SC-0. 
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Figure 29B:  View upstream at SC-1 where the old road crosses the Sullivan Creek. 
 
 
Figure 30B:  A waterfall upstream of SC-1 showing extensive precipitates. 
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Figure 31B:  The first tributary into Sullivan Creek, SCT-1, no apparent precipitates. 
 
 
Figure 32B:  The next sample site upstream, SC-3 and SCT-2. 
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Figure 33B: Confluence of the North and South Forks of Sullivan Creek. 
 
 
Figure 34B:  Sara Edinberg using the hydrolab to acquire parameters at SC-3. 
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Figure 35B:  Rock outcrops along the stream, showing metamorphism of the bedrock in the area. 
 
 
Figure 36B: Ferricretes in the stream channel at SC-4. 
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Figure 37B:  Close up of ferricretes at SC-4. 
 
 
Figure 38B:  Mount Evans from the Sullivan Creek side, with clear contact between Belt formation bedrock 
(red) and Cretaceous intrusive rocks (grey). 
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Figure 39B: Ferricretes in and around the stream channel at SC-5. 
 
 
Figure 40B:  Very iron rich deposits at SC-5. 
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Figure 41B:  Another view of Mount Evans from SCT-3. 
 
 
Figure 42B:  Ryan Winter putting biodegradable dye in the stream to find the path of water for salt tracer flow 
testing. 
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Sullivan Creek 8/2/2015 
 
Figure 43B:  Looking upstream at SC-3. 
 
 
Figure 44B:  A better look at the ferricretes in and adjacent to the stream channel at SC-4. 
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Figure 45B and 46B:  Ferricretes at SC-5 in and out of the stream. 
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Figures 47B and 48B:  Iron staining in stream and surrounding in the bog like surroundings on the upper 
reaches of Sullivan Creek. 
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Figure 49B:  Mount Evans from the headwaters of Sullivan Creek. 
 
 
Figure 50B:  More highly altered rock and limonite staining. 
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Figure 51B:  The outlet coming from the underground flow from the lake source of Sullivan Creek. 
 
 
Figure 52B:  Iron oxidizing mats in one of the spring outlets near the headwaters of Sullivan Creek. 
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Photos from Chris Gammons 
 
 
Figure 53B:  East Fork Twin Lakes Creek at EFTLC-1, the trail crossing to Lake of the Isle. 
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Figure 54B:  White Fork at the mouth, heavy HAO precipitates. 
 
 
Figure 55B:  Heavy iron oxide coated pond on the NW flank of Mount Evans at head of EFTLC. 
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Figure 56B:  Confluence of South Fork and North Fork of Sullivan Creek at SCT-2, SC-3. 
 
 
Figure 57B:  Ferricrete outcrop near SC-5 on side of channel with rock hammer for size. 
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Figure 58B:  Ferricrete outcrop and location in relation to SC-5 sample site. 
 
 
Figure 59B:  Upper South Fork of Sullivan Creek, along the flanks of Mount Howe, with extensive iron deposits 
on the edge of the stream. 
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